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PREFACE
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fission decay at the ANU. Experimental techniques, developed in these 
investigations, were employed to measure fission and evaporation 
residue cross sections. New techniques were developed to measure 
fission cross sections and pre-fission neutron multiplicities.
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carried out by myself with assistance from Professor Newton and
Dr. S. Ogaza. Professor Newton and Dr. D.J. Hinde performed the 
reduction of the pre-fission neutron data. Neutron multiplicities
were extracted from the experimental spectra using programs written by 
myself. The code ALERT1 was adapted to run on the ANU Univac 1108
computer by myself. The statistical model analysis of the
experimental data was carried out by me.
I was helped throughout this project by the many discussions with 
Professor Newton, Dr. J.R. Leigh and Dr. D.J. Hinde.
No part of this thesis has been submitted for a degree at any
other University.
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ABSTRACT
The decay of the compound nuclei, ^®Dy,^®Yb, *^Pt, 2^ P b  
and 210Po, formed in ^ 0  and induced reactions has been studied. 
Fission and evaporation residue excitation functions have been 
measured for these systems. Pre-fission neutron multiplicities were 
also measured for all systems except for ^®Dy.
Statistical model analyses of these data are performed using 
Fermi gas level densities and the recent angular momentum dependent 
fission barriers calculated by Sierk. Shell and pairing effects are 
assumed washed out at the angular momenta and excitation energies of 
concern.
The pre-fission neutrons measurements allow the parameter a,_/af v
to be constrained to values very near to unity. At the higher 
energies, the experimental pre-fission neutron multiplicities are 
found to be significantly larger than the statistical model 
predictions. It is suggested that this may possibly be due to neutron 
emission from the fissioning systems during the saddle-to-scission 
transition and from the rapidly accelerating fission fragments.
The compound nucleus angular momentum distribution is shown to be 
very important in the calculation of low energy fission excitation 
functions. These distributions are constrained, to some extent, from 
the experimental fusion cross sections derived from the measured 
fission and evaporation residue excitation functions. The low energy, 
experimental fission cross sections are fitted by adjusting the shape 
of the compound nucleus angular momentum distribution. For the 1 °W 
and heavier systems, excellent reproduction of both the high and low 
energy fission cross sections is obtained when reasonable shapes of 
the distributions are assumed. For the Dy and Yb systems, the 
statistical model calculations were inconsistent with the experimental 
fission excitation functions when reasonable compound nucleus d is trib -, 
u tio n s  are assumed. It is concluded that more experimental and 
theoretical studies of these reactions are needed to obtain a coherent 
picture of the properties of hot, rotating nuclei.
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1CHAPTER 1 
INTRODUCTION
The structure of nuclei at high angular momenta and high 
excitation energies is an active area of study in nuclear physics at 
the present time. The simplest method of producing hot, rotating 
nuclei is through heavy-ion induced compound nucleus (CN) reactions. 
Once formed, a hot, rotating compound nucleus decays principally by 
fission or through the evaporation of light particles. Due to the 
disruptive nature of the centrifugal force, a large angular momentum 
can make a nucleus unstable towards fission. Thus, at large angular 
momenta, fission decay can become important for light systems with low 
fissility. Though a nucleus may initially survive fission and emit 
one or several particles, as long as the excitation energy is large 
enough, fission may still occur. Fission after the emission of
several particles (multiple chance fission) is very important in 
determining the total fission cross section in a compound nucleus 
reaction. When a nucleus survives fission, and particle evaporation 
is no longer energetically possible, the remaining excitation energy 
and angular momentum is removed by^  y-ray emission. The resulting 
nucleus is called an evaporation residue.
Compound nucleus decay is usually interpreted with the aid of the 
statistical model. The competition between fission and particle 
evaporation in this model is dependent on 1) the deformation energies 
and the level densities at both the saddle point and equilibrium
2configurations, 2) the transmission coefficients for particle 
evaporation and 3 ) the initial compound-nucleus angular-momentum 
distributions. The predicted decay properties are very sensitive to 
these features, none of which is well known. Hence, there are 
considerable difficulties involved in the interpretation of the 
experimental data. Nevertheless, it is hoped to be able to gain a 
better understanding of the structure of hot, rotating nuclei by a 
systematic experimental investigation of these decay properties.
Currently, our understanding of microscopic structure at large 
angular momenta and large excitation energies is rather poor. Because 
of this and because of the difficulties involved in any realistic 
microscopic calculations, most experimental measurements have been 
interpreted in the framework of simple macroscopic models of the 
nucleus. As a first approximation, the properties of hot, heavy 
nuclei can be described in terms of the macroscopic models such as the 
liquid drop and Fermi gas models. The liquid drop model treats the 
nucleus as a uniformly charged, incompressible liquid drop with 
surface tension. This model is particularly useful for describing the 
deformation energies of nuclei. Cohen, Plasil and Swiatecki [COH74] 
in their rotating liquid drop model (RLDM) have included the effect of 
angular momentum. The Fermi gas model has found wide use in 
describing nuclear level densities. It treats the nucleus as a two 
component non-interacting Fermi gas confined within the volume of the 
nucleus. At low excitation energies there are significant corrections 
to the predictions of these models due to the microscopic shell 
structure of the nucleus. However, at large nuclear temperatures, 
these effects are expected to wash out. Even within the framework of 
these simple models, there are many ambiguities and uncertainties. By
3measuring a wide variety of compound nucleus decay properties for many 
nuclei, it may be possible to constrain the values allowed for the 
model parameters. If systematic inconsistencies between the
calculations and the data exist, this will reflect the inadequacies in 
one, or all, of the macroscopic models, the statistical model, the 
transmission coefficients, etc. The nature of these in-consistencies 
may suggest how to improve these models. Shell effects may have to be 
included in due course. The study of hot, rotating nuclei is a long 
term project, which is still in a very early stage.
A number of measurements of heavy-ion induced fusion-fission
excitation functions have been performed. In most cases, attempts
have been made to fit these measurements with Fermi gas level
densities and scaled RLDM fission barriers. Two parameters; a^/a ,
the ratio of level density parameters for the equilibrium and the
saddle point configurations, and , the RLDM fission barrier scaling
parameter have commonly been allowed to vary. A number of these
studies have indicated that a large range of (a^/a ,k^) parameters
sets are consistent with the experimental data. Recently Ward et. al.
[WAR83 ] have shown that the parameter a,_/a can be determinedf v
independently from measurements of the pre-fission neutron 
multiplicity, the average number of neutrons emitted before a compound 
system fissions. Hence, if both fission excitation functions and pre­
fission neutron multiplicities are measured, these parameters will be 
constrained to a greater extent. The important initial angular
momentum distribution of compound nuclei can be constrained, to some 
degree, if the fusion cross section is known. Experimentally this can 
be determined from the fission and evaporation residue cross sections.
4It was therefore decided that measurements of fission and 
evaporation residue excitation functions in conjunction with 
measurements of pre-fission neutron multiplicities for compound nuclei 
with a wide range of fissilities would be a valuable contribution to
I Othe study of hot, rotating nuclei. Measurements were performed for 0
1 Qand F induced reactions producing compound systems ranging from 
158oy to ^^Po.
The statistical model analyses have been improved in two ways 
from those commonly employed in the past. Recent improved RLDM 
calculations, that take into account the finite range of the nuclear 
force and the diffuseness of the nuclear surface, have been performed 
by Sierk. These fission barriers have been incorporated into the 
calculations instead of the modified RLDM fission barriers previously 
used. Secondly, a more realistic shape for the CN angular momentum 
distribution, than given by the parabolic model, has been adopted. 
The experimental data have been interpreted within the framework of 
this improved model.
The outline of this thesis is as follows; Chapter 2 discusses 
the theoretical background of the statistical, liquid drop, Fermi gas 
and other models of interest in this work, Chapter 3 describes the 
experimental work. In Chapter 4, the results of these measurements 
are presented; and in Chapter 5, the statistical analysis of these 
measurements is discussed and the conclusions of this work are given.
5CHAPTER 2
THEORETICAL BACKGROUND
This chapter describes the theoretical models of concern in this 
work. Section 2.1 is devoted to the application of the liquid drop 
and Fermi gas models for predicting nuclear fission barriers and level 
densities. Corrections to these models due to shell and pairing 
effects are also discussed. Section 2.2 describes some models 
associated with the decay and formation of compound nuclei.
2.1 NUCLEAR STRUCTURE
2.1.1 Nuclear Masses
Many attempts have been made to express the variations of nuclear 
masses in terms of a semi-empirical mass formula. The earliest such 
formula was developed by von Weizsäcker [WEI35] in 1935. In the 
liquid drop model,the mass of a nucleus is
M1 J = M N  + M Z  + E + E + E  , 2.1Id n p v s c
where M^ and Mp are the masses of a neutron and proton respectively,
is the volume energy, Eg is the surface energy and Ec is the
Coulomb energy. Both Eg and Ec are dependent on the nuclear shape and
it is usual to express this dependence in terms of the dimensionless
functions B and B defined by s c  J
E = E° B (shape) 2.2s s s
and
E = E° B (shape) c c c 2.3
6where Eg and Ec are the surface and Coulomb energies of a spherical 
nucleus with the same volume. For a spherical drop of radius R
and
/ „24ttR y
2 2 3 Z e
2.4
2.5
where y is the surface tension coefficient. Since RaA1/3 then
and
2.6
c a 1/3 * 2.7
where cg and ac are constants. Similarly the volume energy is 
expressed as
E = c A . 2.8v v
From Eqs. 2.6, 2.7 and 2.8, the usual form of the semi-empirical mass 
formula is
?2/3 ZM1 , = M N + M Z + c A + c  A B (shape) + a — . , B (shape) . 2.9Id n p v s s c .1/3 cA
The constants c^ and cg are usually assumed to have a dependence on
N - Zthe neutron-proton asymmetry of the nucleus ---- of the form
c a 1 -K
2 \
2.10
where a and K are constants.
Real nuclear masses differ from the liquid drop masses due to
shell and pairing effects (Sections 2.1.10 and 2.1.11). If E , andshell
Epair are the shell and pairing corrections to the liquid drop mass, 
then the real nuclear mass is
7M + E  + EI d  s h e l l  p a i r 2.11
Myers  and S w i a t e c k i  [MYE66, MYE67] h a v e  f i t t e d  e x p e r i m e n t a l  g r o u n d  
s t a t e  n u c l e a r  m a s s e s  w i t h  E q s .  2 . 9  and 2 .1 1  u s i n g  p a r a m e t e r i z e d  s h e l l  
and p a i r i n g  c o r r e c t i o n s .  They o b t a i n e d  t h e  f o l l o w i n g  e x p r e s s i o n s  f o r  
t h e  l i q u i d  d r o p  e n e r g i e s .
E
E
E
v
o
s
o
c
r f  A 2 \
- 1 5 .4 9 4 1 -  1 .7826 IN  — L
. A J /
r 2  a
17.9439 1 -  1 .7826 IN  —  L  A
l. J
0 . 7 0 5 3  MeV .
A' '
A MeV 
2 /3A MeV
2.12
2 . 1 3
2 . 1 4
More r e c e n t  s e m i - e m p i r i c a l  mass  f o r m u l a e  t y p i c a l l y  u s e  m o d i f i e d  
v e r s i o n s  o f  Eq .  2 . 9  c o n t a i n i n g  h i g h e r  o r d e r  t e r m s .  A d e s c r i p t i o n  o f  a 
number  o f  t h e s e  i s  f o u n d  i n  [MAR76].
2 . 1 . 2  F i s s i o n  B a r r i e r s
The l i q u i d  d r o p  m od el  i s  w i d e l y  em ployed  i n  t h e  i n t e r p r e t a t i o n  o f  
t h e  f i s s i o n  p r o c e s s .  In  p a r t i c u l a r ,  i t  i s  u s e d  t o  e s t i m a t e  t h e  f i s s i o n  
b a r r i e r s  o f  n u c l e i .  The d e f o r m a t i o n  e n e r g y  o f  a  d e f o r m e d  l i q u i d  d r o p ,  
i n  u n i t s  o f  E ° , i s
E -  E ■+ s s
Eos
From E q s .  2 . 2  and 2 .3 ,  t h i s  becomes
2 . 1 5
£ = [B ^Cshape)  - 1 ]  +  2 x [ B c ( s h a p e )  - 1 ]  , 2 . 1 6
w h e re  x = E ° / 2 E °  i s  c a l l e d  t h e  n u c l e a r  f i s s i l i t y  p a r a m e t e r .  From 
E q s .  2 . 1 3  and 2 . 1 4 , i t  i s  g i v e n  by
8*»0 4* » 0.0
*» 0 6
**0 5
* * 0 8 * * 0.9 ** 10
Fig. 2.1: Saddle point configurations for various values of x (from
[COH63]).
x 1
50.883 1 - 1.7826 'n - z] 21l  A  J
2.17
As the deformation of a fissioning nucleus increases, £ passes 
through a maximum value. The lowest value of this maximum,for all 
deformation trajectories leading to fission, is called the fission 
barrier and the associated nuclear shape at this point is called the 
saddle point configuration. The saddle point configuration is 
characterized as being an unstable equilibrium configuration of the 
nucleus. From Eq. 2.16 the saddle point configuration is only 
dependent on the fissility of the nucleus. For axially symmetric
9Fig. 2.2: Comparison of saddle point configurations
x>0.7 (from [COH63]).
for x < 0.6 and
deformations, the radius vector of a nucleus can be expressed in terms 
of Legendre polynomials
R(0)
Ro
X 1 + 2 a P (cos6)0 n n v n=2
2.18
where A. is a scale factor required to keep the volume of the drop
constant. Cohen and Swiatecki [COH63] have included terms up to a 018
in their determination of saddle point configurations. Figs. 2.1 and 
2.2 show some examples of these shapes for various values of x. There
10
is a rapid transition between saddle point shapes with and without 
necks at x = 0.7 (Fig. 2.2). For x > 1, the fission barrier vanishes 
and these nuclei are unstable against fission decay in their ground 
states. The variation of the relative fission barrier height £ with 
fissility, according to the liquid drop model, is shown in Fig. 2.3.
0.4 0.6 0.8 io
Fig. 2.3: The relative deformation energy ^ of saddle point
configurations as a function of x (from [BOH69]).
2.1.3 Angular Momentum Dependent Fission Barriers
The effective potential energy of a rotating liquid drop is
E = E + E + E. 2.19c s r
where the rotational energy of a nucleus of angular momentum £fi and
11
moment of inertia J about the rotation axis is
E — r
2 2 SL
21 2.20
The rotational energy is dependent on the shape of the nucleus. In 
a similar manner to the surface and Coulomb energies, this dependence 
can be written in terms of a dimensionless function B^shape)*,
E = E° B (shape) , 2.21 r r r
where E° is the energy of a spherical nucleus with an identical 
angular momentum. As the angular momentum of a liquid drop increases, 
the minimum equilibrium configuration will no longer be spherical due 
to the effect of the induced centripetal force. The centripetal force 
will also influence the shape of the saddle point configuration. 
Cohen, Plasil and Swiatecki [COH74], in their rotating liquid drop 
model (RLDM)j have calculated the effect of rotation on nuclear shapes. 
The effective deformation energy of a rotating drop,in units of E°,is
E - E° + E - E° + E - E°
£ = — -------------- ------1 1  2. 22
E°s
= [B^Cshape) - 1] + 2x[Bc(shape) - 1] + y[B^_(shape) -1] 2.23
where
E°
y = —  . 2.24
E°s
Equilibrium and saddle point shapes are thus only dependent on the 
dimensionless quantities x and y. The rotational energy of a 
spherical nucleus of mass M, radius R = 1.1 fm and angular
momentum £fi, assuming rigid body rotation, is
2 21 zV
2 2 2 j  MR
2.25
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Equilibrium and saddle point shapes calculated by Cohen et al. are 
shown in Fig. 2.4 for various values of x and y. Up to a critical 
value of y, denoted by y in Fig. 2.5, equilibrium shapes are
approximately oblate spheroids. Between y^. and a second critical 
value, denoted by y in Fig. 2.5, the equilibrium shapes are
triaxial, resembling flattened cylinders with rounded ends. For 
y there is no stable equilibrium configuration and the nucleus
immediately fissions. The saddle point configurations become
increasingly less deformed and the equilibrium shapes more deformed 
with increasing y and they are identical at y = y where the fission 
barrier vanishes. The angular momentum £, corresponding to y^,
represents the maximum angular momentum a nucleus can support. Thus, 
for a fusion reaction formed with angular momentum greater than 
no compound nucleus is formed. The variation of £ and with mass
number for 3-stable nuclei is shown in Fig. 2.6.
The fission barrier of a nucleus of angular momentum is
defined as
E£ U )  = E U) - E (£) , 2.28f sp eq
where E and E are the effective deformation energies of the saddle sp eq °
point and minimum equilibrium configurations respectively. Thus in 
the RLDM,the fission barrier of a nucleus decreases with angular 
momentum and vanishes at the angular momentum £ The variation of
13
Ql 02 Q3 0.4 05  06 07 08 09 IX)
Fig. 2.5: Values of y and y as functions of fissility (adapted
from [COH74]).
Fig. 2.6: The curve A is the angular momentum at which the fission
barriers of B-stable nuclei, with mass number A, vanish in the 
RLDM. Between and I the equilibrium shapes have large 
triaxial deformations (adapted from [COH74]).
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1 S9the RLDM energies E ^ ,  E and with angular momentum for Tb is
shown in Fig. 2.7.
0 10 20 30 40 50 60 70 80 90
ANGULAR MOMENTUM (fi)
Fig. 2.7: RLDM saddle point and equilibrium deformation energies as
1 s9a function of angular momentum for Tb.
2.1.4 Finite Range Correction
Krappe, Sierk and Nix [KRA79] have modified the LDM to include a 
diffuse nuclear surface and a finite range to the nuclear force. The 
nuclear-surface energy is calculated as a double volume integral over 
a Yukawa-plus-exponential potential
- a
d3r d3r ' 2.29
o
.2 2 3 -  -  2 a
where
15
Z 2/A
0 5 10 15 20 25
Liquid-Drop Model
,Yukawa-plus- Exponential Model
150 200
Mass Number A
Fig. 2.8: Comparison of fission barriers predicted by the RLDM and
the Yukawa-plus-exponential model for ß-stable nuclei (adapted 
from [KRA79]).
G  = 2.30
a is the range of the Yukawa potential and the equivalent sharp
1/3surface nuclear radius is rQA . The constants a, rQ and c2 were 
obtained from fitting experimental ground state masses. This model, 
unlike the LDM, predicts an attractive force between two nearly 
touching nuclei. For saddle point shapes with necks (x< 0.7), the 
inclusion of a finite range to the nuclear force, tends to make the 
saddle point shapes more compact, i.e. the separation between the 
nascent fragments is decreased, and this results in a lowering of the
16
fission barrier. For x > 0.70,the saddle point configurations have no 
neck and hence the fission barriers predicted by both models are 
similar (within 1 MeV). Fig. 2.8 compares the fission barriers 
predicted by the RLDM and the Yukawa-plus-exponential model for 
6-stable nuclei. A fissility of 0.70 corresponds to A = 200 in this 
figure and the Yukawa-plus-exponential fission barrier is clearly 
lower than the RLDM value,for mass numbers below this.
Sierk and Mustafa et al. [MUS82] have extended the Yukawa-plus- 
exponential model to predict angular momentum dependent fission 
barriers. Fig. 2.9 compares the angular momentum dependent fission 
barriers, calculated for a number of nuclei by Sierk and Mustafa et 
al., to the corresponding RLDM barriers. The difference between the 
Sierk and the Mustafa barriers is due to the different nuclear shape 
parameterizations used. For A <200 the RLDM barriers are much larger 
than both Yukawa-plus-exponential barriers.
2.1.5 Temperature Effects
If a classical liquid drop is heated to a finite temperature, then 
typically this results in an expansion of the drop and a decrease in 
its surface tension. Thus, both the Coulomb and surface energies in 
the liquid drop model may be temperature dependent. The free 
deformation energy of a hot liquid drop of temperature T is
F^e^(T, shape) = E^CT, shape) + Fg(T, shape) 2.31
where Fg(x,shape) is the free surface energy of the drop. The free 
energy of a system with entropy S is related to its internal 
energy by
F = E - TS 2.32
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Fig. 2.9: Comparison of angular momentum dependent fission barriers
predicted by Sierk, Mustafa et al. and the RLDM.
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Thus, for an isothermal deformation of a nucleus, the change in its 
potential energy is equal to the change in its free energy. As in 
Section 2.1.1, the free deformation energy is expressed as
Fdef( T  > s h a p e ) B (shape) - 1 + 2x(T) B (shape) - 1 F°(T) 2.33
where Fg(T) is the free surface energy of a spherical nucleus and the
nuclear fissility is now temperature dependent
E (T)
x(T) = — ---- 2.34
2F°(T) s
The saddle point configurations and the fission barriers are thus also 
temperature dependent.
0 0,1 0,2 0,3 0,4 0.5
deformation y
Fig. 2.10: Calculated deformation energy of as a function of
deformation for various temperatures (adapted from [SAU76].)
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A number of theoretical studies have estimated the effect of a 
finite temperature on fission barriers [HAS73, SAU76 and PI82]. For 
the nucleus U,these studies estimate the reduction in the fission 
barrier produced by heating the nucleus to a temperature of 2 MeV 
(excitation energy of ~ 100 MeV) to be either 24% [SAU76], 36% [HAS73] 
or 40% [PI82]• Fig. 2.10 shows the deformation energy of ^ ^ U }as a 
function of deformation,calculated by Sauer et al. [SAU76] for various 
temperatures. As the temperature increases, then in general both the 
fission barrier and the deformation of the saddle point configuration 
decrease. The reduction in fission barrier for ^^Pb, estimated from 
[HAS73, SAU76 and PI82], is 10-20% for a temperature of 2 MeV.
2.1.6 Level Densities
In the Fermi gas model, the nucleus is treated as a system of 
non-interacting Fermions confined to the volume of the nucleus. The 
average properties of such a system can be determined from statistical 
mechanics. Le Couteur and Lang [LEC59] showed that the level density 
of a two component non-interacting Fermi-gas with excitation energy E 
is
p (E,N,Z) /tt exp (2/aE) 
~ I T  a1/4(E+T)5/4
2.35
where the excitation energy is related to the thermodynamic 
temperature T by
E - T 2.36
and the level density parameter a is related to the single-particle 
level densities at the Fermi surface for neutrons gn(£^^) and protons
gp(efP) by
20
a
2 TT_
6 ’n(ef) + 2.37
The Fermi energy is approximately 37 MeV for both protons and
neutrons. Bohr and Mottelson [BOH69] show that Eq. 2.35 is only valid 
when £f/A «  E « £ f A1^3.
The occupation probability of a single-particle level of energy £ 
is given by the Fermi function
r fe' £f'rr1p (e) = j^l + exp — ---
where t is the nuclear temperature defined by
1 = d £np(E) 
t d E
2.38
2.39
and thus, from Eq. 2.35
u / T - i .t E 4E 2.40
The nuclear temperature should not be confused with the thermodynamic 
temperature; however, in the limit of large excitation energies, both 
of these temperatures are equal. Only the single-particle levels in 
an energy interval of magnitude ~t centred on £ are important in 
determining the total level density (Eq. 2.38).
2.1.7 Angular Momentum Dependent Level Densities
The level density of an intrinsic state of energy E and angular 
momentum projection M on a fixed axis is [LAN63]
Pintr(E’M) / 212/2<m > g(£f)
exp (2/aÜ)
(U + ~  T) 3/2
where
2.41
E = U(T) + E (M) 2.42
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2 3U(T) = a T - -  T 2.43
2ME (M) = --- ;------- 2.44
2<m > g(ef)
oand <m > is the mean square single-particle angular momentum 
projection. Angular momentum dependent level densities are related to 
the intrinsic level densities by
P (E,J) =
~ (2J+1)
Pintr(E,M=J) intr
^2^ 3/2 exp(2/a\])
21 12 2
where
2.45
2.46
U = E - E (J)
_ j(j+d f.2
rU; 2 J
and the rigid body moment of inertia is
I = fi2<m2> g(£f) •
2.47
2.48
2.49
Eq. 2.45 suggests that the rotational energy does not contribute to 
the thermodynamical or intrinsic excitation energy of the nucleus. 
Similarly, the deformation energy is also not expected to contribute. 
Thus generally
P(E,J) « (2J+1) ---X£ 2.50
U
where U is the intrinsic excitation energy of the nucleus. For a 
nucleus in its equilibrium configuration
U = E - E (J) , eq 7 2.51
whereas for a nucleus in its saddle point deformation
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U = E - E (J)sp 2.52
2.1.8 Collective Enhancement of Level Densities
The level density expression of Eq. 2.45 was derived assuming 
spherical symmetry. For a deformed nucleus, there is a rotational band 
built on each intrinsic state of the nucleus. For an axially deformed 
nucleus, the intrinsic states are specified by K, the angular momentum 
projection on the symmetry axis. The level density at an angular 
momentum J is thus obtained by summing over all intrinsic states with
At small values of J such that E^ < T, the level density predicted by
symmetry axis. For nuclei in the range 150< A< 250, with excitation 
energy equal to the neutron binding energy, this factor ranges from 35 
to 65 [HUI74]. Generally a nuclear deformation results in a 
collective enhancement of level densities. A small collective 
enhancement may also result from the vibrations of soft spherical 
nuclei.
In the derivation of Eq. 2.53,it was assumed that the collective 
and intrinsic degrees of freedom were independent. This is obviously 
incorrect as collective rotational motion is due to a coherent 
superposition of single-particle excitations. Thus at temperatures 
where these single-particle excitations contribute appreciably to the 
intrinsic level density, collective enhancement fades out and the form
|k | <J [BJ074, HUI74];
(E - Er (K,J),K) . 2.53
Eq. 2.53 is a factor of I^T/h^ larger than that predicted by Eq. 2.45, 
where I is the moment of inertia about an axis perpendicular to the
of the level density given by Eq. 2.46 is more appropriate.
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2.1.9 Deformation Dependence of Level Density Parameter
The level density parameter may have some dependence on 
deformation. Bishop et al. [BIS72] consider the effect of the 
diffuseness of the nuclear surface on the level density parameter. 
They argue that g(e^) is dependent on the nuclear density. An 
increase in this density results in g(ef) decreasing. Nuclear matter 
is less dense in the surface region of the nucleus and as a nucleus is 
deformed, its surface area is increased and thus g(e^) increases. For 
a trapezoidal potential and a spheroidal deformation, where the ratio 
of major to minor axes is r, Bishop et al. estimate the level 
parameter to be
ar ao + 2r
1/3 2.54
where a^ is the level density parameter for a spherical nucleus. The
21 0ratio of axes for Po was estimated,from [COH63],to be r = 2.56 at 
its saddle point configuration and from Eq. 2.54, this corresponds to 
af/ao = 1.02.
In direct contradiction to this, Gottschalk and Ledergerber
[GOT77] argue that Fermi gas level density parameter decreases with
deformation. The single-particle level density of a Fermi gas of
2/3volume a A, bounded by a surface of area aA ' B (shape), is to second 
order [BAL70]
g(e) = c^A - c2 A^^ B g(shape) 2.55
Gottschalk and Ledergerber included a Coulomb term in their expression 
for g(e) as a first order perturbation of Eq. 2.55 and obtained
g(e) = c,A _ c A^^B (shape) -cQ A^^ZB (shape) £ 2.56-L 2 2 s 2 d c 2
where = 3 / 2 C^)"372, = 2as(^- C ^ -2, C3 = 3/8 V ~ 3/2
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and Cv = 10 MeV. ag , ac, Bg and Bc are the liquid drop parameters
defined in Eqs. 2.2, 2.3, 2.6, 2.7 and 2.10. The ratio of the level
density parameters for saddle point and spherical deformations
o 1 n(af/ao), estimated from [GOT77] for Po, is 0.98. Gottschalk and
Ledergerber argue that the effect of the diffuse nature of the nuclear 
surface is overestimated by the Bishop formula (Eq. 2.54) and they 
suggest that the Fermi gas level density parameter is at most constant, 
but probably a decreasing function of deformation.
At the the present time there is no convincing experimental 
evidence indicating whether the Fermi gas level density parameter 
increases or decreases with deformation. It is often assumed however, 
that af/aQ is equal to, or slightly greater than unity.
2.1.10 Shell Corrections
Corrections to the LDM masses from shell effects are usually 
calculated by a method proposed by Strutinsky [STR67]. In general, the 
shell corrections depend on the density of shell model single-particle 
levels at the Fermi surface. When g(cf) is lower than average, or the 
Fermi surface is located between two bunches of single-particle 
levels, the shell correction has a negative value. When g(£^) is 
larger than average, or the Fermi surface is located within a bunch of 
single-particle levels,the shell correction is positive. The bunching 
of shell model single-particle levels is associated with degeneracies 
characteristic of a spherically symmetric nuclear potential. Shell 
corrections are thus dependent on the deformation. Fig. 2.11 displays 
the single-particle levels, calculated for an axially symmetric 
harmonic oscillator potential, as a function of deformation. In this
figure, single-particle levels are bunched when the ratio of the axes
25
b =osc Ü5
Fig. 2.11: Single particle spectrum for axially symmetric harmonic
oscillator potentials. The arrows mark the deformations
corresponding to the indicated ratios of the axes perpendicular 
and parallel to the symmetry axis (from [BOH75]).
parallel and perpendicular to the symmetry axis is 1:1, 1:2, 2:1, 3:1,
etc. In general, single-particle levels become bunched for nuclear
shapes of high symmetry. The shell corrections to the LDM thus
typically alternate between positive and negative values as the
nuclear deformation increases. Fig. 2.12 displays the liquid drop and
17? ? 08shell corrected deformation energies of Yb and Pb calculated by
?08Moretto [MOR72a]. The nucleus Pb, the classic closed shell
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- I  0  -I
17 2 2 08Fig. 2.12: Deformation energies of Yb and Pb as a function of
deformation. The dashed curves show the liquid drop energies and 
the smooth curves show the shell corrected energies (from 
[MOR72a]).
g ~ 3 2  levels/MeV
V(MeV)
DEFORMATION £
Fig. 2.13: Same as Fig. 2.12 for ^^Pu. The single-particle level
density is indicated for a few deformations (from [BIS72]).
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nucleus, has a spherical ground state with a large negative shell
172correction. Mid-shell nuclei, such as Yb, generally have prolate 
deformations and a positive shell correction relative to the spherical 
LDM ground state.
Shell structure is also important in determining saddle point 
configurations and fission barriers at low excitation energies. 
Fig. 2.13 shows the deformation calculated by Tsang and Nilsson 
[TSA70] for uPu. The shell corrections results in a double humped 
fission barrier in this nucleus. Faber et al. [FAB79] have calculated 
shell model corrections for heavy nuclei at very large angular 
momenta.
The shell model single-particle level densities can be used to 
calculate nuclear level density parameters. As the ground state of a 
nucleus is associated with a lower than average value of g(e^) and the 
saddle point a higher than average value, then, the ground state level 
density parameter a^ is less than the Fermi gas value, and the saddle 
point level density parameter a^ is greater/ its corresponding Fermi 
gas value. At low excitation energies, this effect is larger than any 
possible deformation dependence of the Fermi gas level density 
parameter. Thus the saddle point level density parameter is larger 
than the ground state value, at least at low excitation energies.
At large excitation energies, the level density parameter is 
determined from the mean value of g(£) over an energy interval centred 
on of magnitude approximately given by the nuclear temperature t 
(Section 2.1.6). If t is larger than the fluctuations in the shell 
model single-particle level density, then these fluctuations are 
averaged out and the mean value of g(e) is expected to approach the
Fermi gas value
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Shell model calculations of Moretto [MOR72a] show that shell 
effects are gradually washed out with excitation energy and have 
disappeared at 50 MeV for A >168.
Ignatyuk et al. [IGN80] have investigated the washing out of 
shell effects for nuclei in the mass range 130<A<210 with up to 80h 
of angular momentum. They found that at a critical temperature of 
= 1.0 to 1.2 MeV, which corresponds to U = 14 to 17 MeV, shell 
effects become unimportant in determining the shape of a nucleus. 
They have also calculated that above Tc> the nuclear level density 
parameter is A/10.5 MeV. \
2.1.11 Pairing Effects
The simple shell model ignores the residual forces between the 
nucleons. To lowest order, these forces result in an attractive 
interaction between pairs of particles in correlated orbits and thus 
there is an additional binding energy per pair of correlated nucleons. 
The pairing correction to the liquid drop mass, in Eq. 2.11, assumed by 
Myers and Swicitecki [MYE66, MYE67] in their fitting of experimental 
nuclear masses, was
where
Epair
A odd N, odd Z
0 odd A
-A even N, even Z
2.57
A 11
A1/2
MeV 2.58
The energy 2A is the extra binding energy associated with a pair of 
nucleons in orbitals located near the Fermi surface. The exact form 
of the pairing correction is somewhat arbitrary. What is of
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importance is the difference in Epair for the different types of 
nuclei. The use of a pairing correction of zero for odd-odd systems 
and -2A for even-even systems would be equally valid although this 
would affect the values of the liquid drop parameters obtained from 
fitting the experimental masses.
The correlation between pairs is associated with a superposition 
of single-particle states within an energy interval of order A . 
Pairing correlations at the Fermi surface are reduced as the intrinsic 
angular momentum and the temperature of a nucleus are increased. An 
increase in the intrinsic angular momentum or temperature of a nucleus 
breaks correlated pairs creating quasi-particles (unoccupied orbits
fore < and occupied orbits for £ >e£). These quasi-particles block 
the single-particle levels near the Fermi surface which then become 
unavailable for the pairing correlation.
2.2 COMPOUND NUCLEAR REACTIONS
The reactions studied in this work are of a type called compound 
nuclear reactions, which were proposed by Bohr in 1936 [BOH36]. These 
reactions are characterized by two distinct steps. 1) The projectile 
and target fuse to form an intermediate system called the compound 
nucleus (CN). 2) After attaining an equilibrium in all of its degrees 
of freedom the compound nucleus then decays. These two steps are 
assumed to be independent except for the requirements of various 
conservation laws and thus are discussed separately.
In most theoretical models of nuclear fusion, the forces between 
two colliding fragments are assumed to give rise to an effective 
internuclear potential energy. This potential energy is a function of 
the separation and deformation of the two fragments and the angular
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momentum of the system. A number of simple models [BAS73, BAS74, 
BAS77, GR074, WIL73], which ignore the deformations of the fragments, 
have been reasonably successful in predicting cross sections for 
fusion initiated by relatively light projectiles. In the following 
sections the Bass and the Wilczyfiski models are discussed.
2.2.1 Bass Model
Bass [BAS73, BAS74, BAS77] considers a simplified model where the 
two colliding fragments remain spherical during their approach. The 
effective two-body potential between a pair of fragments with an 
orbital angular momentum £ft and separation r, is composed of a 
Coulomb, centrifugal and nuclear part
ZlZ2e £2fi2V(r,£) = ------ - + + V (r)r 2yr n 2.59
where V (r) is the nuclear potential and y is the reduced mass. This 
effective potential is only valid for r > R12, where R12 = R1 + R 2 is 
the contact separation of the fragments. When the two fragments start 
to penetrate each other, they experience a strong frictional force 
dissipating the relative motion. This frictional force originates 
from collisions between the nucleons of each fragment. In a short 
time the relative radial motion of the fragments drops to zero and a 
fraction of the initial orbital angular momentum is transferred to the 
intrinsic angular momenta of the fragments. Let f be the fraction by 
which the orbital angular momentum is decreased due to tangential 
friction, then if the two fragment surfaces roll on each other, 
f = 5/7. If however the fragments stick together and perform a rigid 
rotation then f <5/7. If the effective post-friction radial force is 
attractive,then the fragments are assumed to fuse. Fig. 2.14 displays
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some typical potential curves for various values of £. In general the 
effective force will be attractive at for systems with a 
post-friction angular momentum less than a critical value % For 
these angular momenta, the effective potential has a maximum value
Bfus(£) = V(rfus’£) where rfus > Rl2 ^Fig* 2*14)* At the critical 
angular momenta r^ug = r
For a system with initial orbital angular momentum £ft and kinetic 
energy E in the centre-of-mass frame, the fragments will reach their 
contact separation if
E > cm
Br (£) , if £ < JL fus 1
V(R12,£) , if £ > £
2.60
At the contact separation the orbital angular momentum is reduced to a 
value f£ and fusion will occur if
f £ < £- 2.61
Thus if Eqs. 2.60 and 2.61 are satisfied, the fragments will fuse
together. From these equations, we find that the lowest value of Ecm
for which fusion is possible is Bfus(0) = Bf , which is called the
fusion barrier and the maximum initial orbital angular momentum for
which fusion is possible is £^ = f£
The Bass model assumes that for each bombarding energy, fusion
occurs for all angular momentum up to a limiting value £^ . This is
called the sharp-cut-off approximation. In discussing this limiting
angular momentum, it is useful to distinguish between three energy
regions. For values of E between B,- andcm fus
V(R12,£1) Bfus(V 2.62
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B,iiQ (0
Fig. 2.14: Typical two-body potential energy curves for various
angular momenta.
Bint Bfus EI E2
Ecm
Fig. 2.15: Limiting angular momenta for fusion and scattering
processes as a function of centre-of-mass energy (from [BAS74]).
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fusion occurs for all systems where the potential barrier height
(£) is less than E . Thus the limiting angular momentum is fus cm
determined from the condition
Ecm Bfus(£fus'
2.63
The second energy region is bounded by E^ and
E2 = v (r12> V  ' 2,64
Fusion occurs for all systems which reach the contact separation and 
the limiting angular momentum is determined from the condition
cm V(R12 > *fus> 2.65
In the third energy region (Ecm> E2),the maximum post-friction orbital 
angular momentum at exceeds the critical value for fusion and thus
saturates at the value &2. A typical representation of the 
variation of with bombarding energy is shown in Fig. 2.15.
The total fusion cross section is calculated by summing the 
contributions from partial waves with angular momentum less than £
"fus "fus
= Z (£) = ttX E 2£ + 1
fus £=0 fuS 2=0
2.66
where
2.67
Bass [BAS77] has reproduced experimental fusion cross sections for a 
large number of systems to within ~ 10%, using the empirical nuclear 
potential
V r) R1R2Rl+R2 1H1 exp(~) + H2 exp(~) 2.68
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where
S = r - R 2.69
Hx = 0.0300 MeV_1 fm, H2 = 0.0061 MeV_1 fm, ^  = 3.33 fm, d2 = 0.65 fm 
and the radius of each fragment is given by
R 1.16 A1/3 1.39
A1/3
2.70
It should be noted that Bass obtained the above nuclear potential from 
experimental ’fusion' cross sections that may contain contributions 
from incomplete fusion reactions. Experimentally it is not very easy 
to distinguish between true and incomplete fusion.
2.2.2 Wilczynski Model
The Wilczynski model [WIL73] differs from the Bass model in 
neglecting the frictional force between the fragments at the contact 
separation. The maximum angular momentum at which fusion is possible 
is thus limited by £ . in an extension of this model,Siwek-Wilczynska 
et al. [SIW79] proposed that above £ ^ s a fusion-like reaction 
(identified as incomplete fusion) is still possible,if a portion of 
the projectile (called the ejectile) escapes from the system with 
enough angular momentum such that the angular momentum of the 
remaining portion is less than its corresponding value of £ The
fraction of the initial angular momentum carried off by the ejectile 
is assumed to be in proportion to its mass.
Experimental studies [SIW79, GE079, BAR80, GE081, BEE81] of
incomplete fusion reactions, using deformed rare earth target nuclei, 
have been found to be qualitatively consistent with this model. 
However, more recent experiments [TRI82, GER82] using semi-magic,
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’spherical* target nuclei^ favour incomplete fusion reactions 
associated with more central collisions.
2.2.3 Barrier Penetration
The sharp cut off approximation for fusion assumes that fusion
occurs, with unit probability, for all partial waves with angular
' \momentum less that the limiting value £fus. This approximation 
however ignores the effect of quantum mechanical tunnelling through 
the fusion barrier. In general, the partial fusion cross section for 
each angular momentum is expressed as
Gr (£) = ttX2 (2£ + 1) T(£) 2.71fus
where the transmission coefficient T(£ ) is the probability of fusion 
for the £th partial wave.
If the effective two body potential^in the neighbourhood of its 
maximum, is approximated by an inverted parabolic barrier of height 
Bfug(^) and frequency
c o ( £ ) / 92V(r,£) 
' 3r2
-1y 2.72
then the transmission coefficients are given by the Hill-Wheeler 
expression [HIL53]
T(£) 1 + exp 2tt BfusW  -h co(£)
E  ^cm 2.73
This approximation tends to overestimate the barrier penetrability for 
low T(£) as the width of the fusion barrier is generally larger than 
that of the parabolic barrier [AVI78].
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Barrier penetration is particularly important for determining
fusion cross sections at energies near or below the fusion barrier,
and for calculations of CN angular momentum distributions. Fig. 2.16
19shows the angular momentum distribution calculated for 100 MeV F on 
181Ta with the Bass model, which assumes the sharp cut off 
approximation. Also shown is the distribution calculated with a 
modified version of the Bass model where the transmission coefficients 
are determined using the parabolic barrier approximation.
Ofus
_Hill -
' Wheeler
ANGULAR MOMENTUM (TO
Fig. 2.16: Compound Nucleus angular momentum distributions for 
19 1 Q 1lOOMeV F on iTa. The solid curve shows the distribution 
predicted by the Bass model. The dashed curve shows the result of 
a modification to the Bass model where the effect of barrier 
penetration was estimated using the Hill-Wheeler expression.
2.2.4 Fusion of Deformed Nuclei
If either the projectile or target nucleus is deformed, then the
37
effective two-body potential depends on the orientation of the 
deformed fragment. Both static deformations and transient 
deformations, due to the zero point vibrations, are important. 
Fig. 2.17 displays the potential, calculated by Stokstad et al. 
[ST081], between a spherical ^ 0  nucleus and a deformed ^~^Sm nucleus 
for various orientations of the deformed fragment. The limiting 
angular momentum in the sharp-cut-off approximation therefore depends 
on the orientation of the deformed fragment. The effective 
transmission coefficient is then the average value of T(£) over all 
orientations [WON73]. This effect is important for determining 
sub-barrier fusion cross sections and CN angular momentum 
distributions.
2.2.5 Statistical Model
The statistical model is applicable for calculating the average 
decay properties of a nucleus which has obtained an equilibrium in all 
of its degrees of freedom. In the statistical model, an equilibrated 
nucleus decays,on average,with equal probability through any of its open 
exit channels, where an exit channel is specified by all of its 
quantum numbers. The probability of decay through an exit channel, 
hindered by a potential barrier, is reduced by the probability of 
penetrating the barrier (transmission coefficient).
The decay width associated with the evaporation of a particle v , 
with spin S^, from a state (E,J), leaving the residual nucleus in a 
state of angular momentum J ’ and with excitation energy between E ’ and
E'+dE', is [ZEB74, DEL77]
r (E,J,E,,J*) dE
(2Sv + l) Pv (E',J') 
2tt p(E,J)
J + J ’
I
J-J'
T£ (£) dE’ V£:
2.74
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Barrier Heights for Fusion of 0 +  Sm
'■<£>- 6 0
Fig. 2.17: Effective two body potential between ^ 0  and ^ 4Sm for
various orientations of the deformated nucleus (adapted from
[ST081]).
where T (e) is the transmission coefficient for the emission of V with 
V
orbital angular m o m e n t u m a n d  kinetic energy e = E-E'-B and p(E,J) 
and p^(E',J') are the appropriate level densities of the initial and 
residual nuclei respectively. The total decay width associated with v 
thus involves the summation over all possible residual states
E - B
r (e ,j ) = z
V J’=0
V
E ( J * )eq
rv (E,J,E',J’) dE1 2.75
The fission width is usually assumed to given by the
transition state value [BOH39] (Section 2.2.6)
1 pf(E -k, J) dk 2.76r f ( E , j ) 2ttP(E, J)
4H*
where pf(E,J) is level density at the saddle point. This formula 
involves the summation over all saddle point states associated with a 
kinetic energy k in the fission mode. As the level density increases 
rapidly with energy, the greatest contribution to the fission width 
comes from systems with very little kinetic energy in the fission 
mode.
The total decay width of the state (E,J) is
r t (E,j) = z r (e ,j ) + r f (E,j)
V
and the fission probability is
2.77
Tf(E,J)
pf = r (e ,j )t
Whilst the probability of evaporating a particle V is
rv(E,j) 
pv = r (e ,j)
2.78
2.79
If the angular momentum removed by an evaporated particle is not 
large, then to a first approximation,the relative decay widths of a 
state E-J are
and
p (E - E - B , J) V V 2.80
r f ~ Pf (e,j) 2.81
where E is the Coulomb barrier against charged particle emission. As
the level density increases rapidly with excitation energy then,the
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particle decay mode, which is associated with the smallest 
value of B +E , will dominate. In general, this will be neutron 
evaporation (E^ = o) except for very neutron rich nuclei. Using Fermi 
gas level densities given by Eqs. 2.50, 2.51 and 2.52, the ratio of the 
fission to the neutron decay widths is,to first order
rn
~ exp 2 / a  (E-E (J)) - 2 ,/a (E-B -E (J)) f sp V n eq
Thus at J, near J^ ,  where
2.82
or
Esp < J t h > Bn + Eeq t n 2.83
Ef (J Bn 2.84
the neutron and fission widths are of the same order.
approximation, fission decay is dominant for J >>J
evaporation is dominant for J <<J , .th
To a first 
^ and neutron
2.2.6 Diffusion Model of Fission
The fission decay width of Eq. 2.76 was calculated from the 
transition state method of Bohr and Wheeler [BOH39]. This method 
assumes that a nucleus becomes committed to fission once it has 
attained its saddle point configuration. The transition state method 
however assumes that the coupling, between the intrinsic and collective 
degrees of freedom of the system,is small. If this coupling is large, 
it is possible for a nucleus to pass through the saddle point and then 
to return back. The work of Kramers [KRA40] is particularly 
applicable to this problem. He considers the diffusion of an ensemble 
of particles, in a medium of temperature T and friction constant 3» 
over a one-dimensional potential barrier of the form shown in
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Fig. 2.18. This model is applicable to nuclear fission if the x axis 
in Fig. 2.18 is associated with the deformation of the nucleus and the 
friction constant is associated with the coupling between the 
intrinsic and collective degrees of freedom. The transition state 
decay rate, in this model, is equivalent to the flux of particles 
travelling across B towards C in Fig. 2.18, when there is a 
thermodynamical equilibrium between the particles near A and the 
particles near C. Thus, there is also an identical flux of particles 
travelling across B towards A.
V (x)
Fig. 2.18: The one-dimensional potential barrier in the Kramers'
model.
For the case where initially there are only particles near A,
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then the net flux at B is given approximately by the transition state
where a) and oo’ are the frequencies associated with the equivalent 
parabolic potentials at A and B respectively, and is the height of
t
the barrier at B above A. Outside this range of viscosities, the decay 
rate is less than the transition state value.
Kramers' calculations assumed that the particles in the vicinity 
of A were in thermal equilibrium, that is there was a Boltzmann like 
distribution around A. Grange et al. [GRA80, GRA83, WEI84, HAS84] 
show that a Boltzmann like distribution takes a time of order
to build up. Whilst this distribution is building up, the flux across 
B is less than the quasi-stationary value of Kramers.
The effect that such a transient fission decay rate has on the 
fission probability can be estimated by a simplified model where the 
fission decay width is zero for a time t after the formation of the 
compound nucleus and then assumes a value of for all times after 
this. The decay widths for particle evaporation are assumed 
independent of time. The first chance fission probability in this 
model is
value if the friction constant is within the range ooT/E^<<3<< go*,
2.85
rf
r 2.86t
where
r = z r 2.87z V V
and
2.88
The neutron evaporation probability is
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Pn rn
-T r
(1 - exp (— z— -))
f z
+
-T r , z\
exp ^  ~
r t 2.89
These equations should be compared to those of the conventional 
statistical model, Eqs. 2.78 and 2.79. A transient fission rate ist r 2important at large excitation energies where— — >> 1.
44
CHAPTER 3
EXPERIMENTAL METHODS
This chapter describes the experimental methods employed to
measure fission and evaporation residue excitation functions and
pre-fission neutron multiplicities. These experiments were carried
1 9out at the Department of Nuclear Physics at the ANU. Beams of F and 
180 ions, with energies up to 130 MeV, were obtained from the ANU 14UD 
Pelletron Accelerator. Reaction products were detected and identified 
with detection systems surrounding the target. The principles of 
particle identification employed are discussed in Section 3.2, whilst 
the construction and theory of operation of the various detectors are 
described in Sections 3.3 and 3.1. The experiments are described in 
Sections 3.6, 3.7, 3.8, and 3.9.
The signals obtained from the detectors and their associated 
electronic schemes were collected, via an ANU interface, by an 
HP21MX E-series computer using programs written by Dr. I.G. Graham and 
Dr. G.S. Foote. The data were collected in coincidence mode if more 
than one parameter was required for each detected event, or in singles
mode if only one parameter was required. Coincidence data were
recorded event by event on magnetic tape whilst singles data were
sorted into spectra which were recorded at the end of each
experimental run
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3.1 THEORY OF DETECTOR OPERATION
3.1.1 Si Surface Barrier Detectors
A Si surface barrier detector consists of a reverse biased 
silicon p-n junction. Particles interact with the silicon creating 
electron-hole pairs which are collected by an electric field. The 
output is proportional to the energy lost by the particle in the 
silicon.
These detectors are widely used for energy (E) and energy 
loss (AE) measurements and also for providing timing signals for use 
in measuring the time-of-flight of particles.
3.1.2 Gas Ionization Chambers
An energetic charged particle interacts with the material through 
which it passes, producing ionization, excitation and dissociation of 
the molecules along its path. Gas ionization detectors rely for their 
operation on the detection of the ionization produced in a gas. On 
average,one ion pair is created for each 30 eV of energy lost and a 
typical heavy particle creates ~ 10^ pairs. The positive ions and 
electrons are separated and collected by applying an electric field 
across the gas volume. A simple gas ionization detector, shown 
schematically in Fig. 3.1, consists of a pair of parallel electrodes 
across which is applied a constant voltage (V). The presence of the
rt
ionization causes anextra charge q Idt to be induced on the
•»O
electrodes, where I is the instantaneous current and t is the 
collection time of the ionization.
At low field strengths,there is significant recombination and 
trapping of the ions and electrons in the gas. Thus,ionization 
detectors are operated at higher voltages where the ionization
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Fig. 3.1: Schematic representation of a simple parallel plate
ionization chamber. The output signal can be obtained either, from 
the current 1^ , or the voltage across the bias resistor (from 
[ENG74]).
IONISATION
REGION
PROPORTIONAL
REGION
GEIGER
REGION
APPLIED VOLTAGE
Fig. 3.2: Schematic representation of the variation of collected
charge versus applied voltage, for a parallel plate ionization 
chamber where the ionizing particle creates N electron-positive 
ion pairs (adapted from [ENG74]).
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collection efficiency approaches 100%. The variation of q with the 
applied voltage is shown in Fig. 3.2. Ionization detectors are 
operated in the voltage independent region.
The time taken for positive ions to reach the cathode is quite 
large (~ msec) due to their slow drift velocity. Hence ionization 
counters are often operated in pulse mode where only the fast 
component of I(t), due to the motion of the electrons, is utilized. 
There is however a degradation of resolution in this mode as the 
integrated current is dependent on the position of the particle track. 
This is usually eliminated by the addition of a gridded electrode to 
shield the anode from the particle tracks. Thus, the induced charge is 
due only to the motion of the electrons between the grid and the 
anode.
As the output of an ionization chamber is proportional to the 
energy lost by a particle in the gas volume, these detectors are 
widely used for E and AE measurements.
3.1.3 Gas Proportional Counters
Proportional counters are gas ionization detectors operated at 
higher field strengths, where secondary ionization is produced from 
collisions of the electrons with the gas molecules. There is thus an 
amplification of the initial ionization and the induced charge 
increases rapidly with the applied voltage (Fig. 3.2). For higher 
field strengths, this amplification results in the gas volume forming a 
plasma and a Geiger discharge occurs.
As a reasonably large output signal can be obtained from a short 
gas length, proportional counters are suitable for producing timing 
signals for use in measuring the time-of-flight of particles.
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3.1.4 Scintillation Detectors
When an energetic charged particle passes through matter, it 
causes excitation of the molecules as well as ionization. The decay 
of these excitations produces many photons of various frequencies. In 
most materials these are reabsorbed, but there exists a class of 
materials, called scintillators, which are transparent to certain 
frequency ranges of this radiation. In a scintillation detector, these 
photons are detected outside the scintillator with a photo-multiplier 
tube.
A typical representation of a scintillation detector is shown in 
Fig. 3.3. The scintillator is surrounded by a reflective coating to 
maximize the number of photons entering the light guide which directs 
the radiation towards the photo-cathode of the photo-multiplier tube. 
Here the photons are absorbed, releasing photo-electrons which are 
then accelerated to the first dynode. At this dynode, several 
secondary electrons are released for each incident electron. These 
in turn are accelerated towards the second dynode. This process is 
repeated along the dynode chain with the number of electrons involved 
increasing rapidly. In the absence of space charge effects, the 
output signal obtained from the anode is proportional to the energy 
lost by the charged particle in the scintillator. However if the 
number of electrons incident upon the last few dynodes is sufficiently 
large, space charge effects reduce the magnitude of this output 
signal. For this reason,the linear output is usually taken from a 
dynode a few positions removed from the anode.
Scintillation detectors are used to detect gamma-rays, neutrons, 
charged particles and electrons.
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Fig. 3.3: Schematic representation of a scintillator detector
illustrating the different stages in the detection process (from 
[ENG74]).
Organic scintillators containing large concentrations of hydrogen 
are used for the detection of neutrons. Fast neutrons (E > 0.2 MeV) 
interact with hydrogen nuclei in billiard-ball like collisions 
producing recoil protons. The output of the scintillator detector is 
thus proportional to the energy of the recoil proton which is always 
equal to or less than the initial neutron energy.
Gamma-rays are detected in scintillator counters since energetic 
electrons (and positrons) are produced in the photo-electric 
absorption, Compton scattering and pair production interactions of the 
gamma-ray with the scintillator material.
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3.2 PARTICLE IDENTIFICATION TECHNIQUES
Nuclear particles,produced in the reactions studied, belong to one 
of four distinct mass-charge groups. These are target-like particles 
(A ~  z ~  Zt), fission fragments (A ~  A^/2, Z ~  Zt/2), projectile­
like particles (A ~  A^, Z ~  Z a n d  light particles (protons, 
neutrons, alpha particles, etc.).
Target-like particles consist either of evaporation residues or 
target recoils which are elastically scattered by the beam particles. 
Evaporation residues are emitted at forward angles (< 20°) and have 
energies scattered around that of the compound nucleus
JCN M + M lab * P t
3.1
where E.^^ is the projectile energy in the laboratory frame and Mp and 
M are the masses of the projectile and target respectively. The 
energy of a target recoil emitted at a centre-of-mass frame angle of
0__ iScm
M M P t
(Mp + M t)ö  2(1+ cos8 ) E1 , . ^ cm lab 3.2
Target recoils are only emitted at forward angles when the projectile 
energy is near or below the Coulomb barrier.
Projectile-like particles originate from scattering and transfer 
reactions. In any practical experimental set-up, the energy spectrum 
of these particles exhibits a tail, of low intensity, extending down 
in energy from the elastic scattering peak. This tail is due to 
projectile particles which are scattered from the slits and 
collimators of the beam pipes. Reactions with the oxygen and carbon 
components of the targets produce particles with A < 30.
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3.2.1 E-AE Method
The E-AE method is one of the most commonly used methods of 
particle identification. It involves the measurement of a particle’s 
energy (E) and its energy loss (AE) in traversing a length of 
material.
The energy lost by an ion, with velocity v and charge Q, in 
travelling a distance dx in a uniform material, is given by the 
Bethe-Bloch relationship
I is the mean ionization potential of the medium 
q,n are the average values for the atomic number and the number of 
nuclei per unit volume of the medium.
The charge of the ion is dependent on its velocity. The greater this 
velocity, the greater is the number of electrons stripped off the ion. 
Energetic light ions are typically fully stripped and Q equals the 
bare nuclear charge (Z), whereas for heavy ions, such as fission 
fragments, Q is usually much less than Z. For each individual A and Z 
nuclear species, -dE/dx initially increases with energy as Q increases. 
Eventually at large energies, the ion becomes fully stripped and 
-dE/dx varies as 1/v . Fig. 3.4 shows the variation of -dE/dx with E 
for three nuclear species in isobutane gas. The energies of the main 
groups of reaction products are indicated by the hatched areas on the 
appropriate curves. Fission fragments have the largest dE/dx and are 
well separated from all other particles and thus are easily 
identified. This method however is unsuitable for evaporation
residues as they are not well distinguished from the low energy
a _ dEAE = — —  dx dx
2
3.3
where
beam-like particles.
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Tig. 3.4: Variation of -dE/dx with energy for various nuclear species
in isobutane gas. The energy and -dE/dx of the main groups of 
reaction products are indicated by the hatched areas.
3.2.2 Time-of-Flight
In this method, the mass of a particle is determined from 
measurements of its energy (E) and flight time (T) over a distance D:
M 3.4
The variation of the time-of-flight for D = 9 cm?is shown in Fig. 3.5 
as a function of E^ for examples of target-like (A = 200) and 
projectile-like (A = 20) particles, and fission fragments (A = 100). 
These groups are distinguishable if the timing resolution is 3 nsec or 
better.
Evaporation residues are typically emitted at forward angles 
(< 20°) where target recoils, if present, have energies approximately
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4 times larger than the evaporation residues (Eqs. 3.1 and 3.2). Thus 
evaporation residues and fission fragments can be identified from E 
and T measurements.
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Fig. 3.5: The variation of time-of-flight over a 9 cm distance with
energy for various nuclear masses. The time-of-flight and energy 
of the main groups of reaction products are indicated by the 
hatched areas.
3.2.3 Coincidence Method
The fission process is characterized by the emission of two 
fragments 180° apart in the centre-of-mass frame. Thus a fission 
fragment detected in one counter is identified if the complementary 
fragment is simultaneously detected in another counter positioned at 
the appropriate laboratory angle. Due to the spread in the splitting
of mass and charge between a pair of fission fragments, there is a
corresponding spread in the angle of the emerging complementary
fragments (~ ±8° for the reactions studied [SIK62]). To cater for
this spread and also the multiple scattering of fission fragments in
_ othe target (±1° for a 1 mg cm target [SIG74]), the complementary 
fragment detector must have a larger acceptance angle than the other 
detector.
The average kinetic energy release in fission is found to vary 
empirically with the A and Z of the compound system [VI066] as
E, = 0.1071 — rrr + 22.2 MeV . 3.5k a1/3
The FWHM of the E^ distributions for the systems studied is expected 
to be ~ 30 MeV [VI063]. If an impurity element exists in the target, 
then fission fragments, produced from reactions with this impurity 
element, can be adequately separated from the fission fragments of 
interest if the difference in their total kinetic energies is
AE, ~ 30 MeV k
or from Eq. 3.5
assuming A ~ 2Z, this reduces to
3.6
3.7
AZ ~ 15 3.8
In any practical experiment, AZ must be larger than this to allow for 
energy resolution of the detectors and for the energy straggling of 
the fragments in the targets.
Elastically scattered projectile-particles may also be detected 
in coincidence with target recoils. The total energy of these
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Fig. 3.6a: Schematic representation of a simple Pulse Shape
Discrimination electronics scheme (adapted from [WAK69]).
Time —*
Fig. 3.6b: Typical wave forms at various points in Fig. 3.6a (adapted
from [WAK69]).
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coincidence events is E^  ^an<^  thus, they may be confused with fission 
events. However, the velocities of the projectile and target particles 
are quite different (V /V^ . > 5) ; thus measurements of the time 
interval between the detection of the two coincident particles should 
separate fission events from projectile-target coincidences.
3.2.4 Pulse Shape Discrimination
Light scintillations induced by neutrons and gamma-rays in some 
organic scintillators have significantly different decay times. As an 
example, the 10% to 90% rise time of the integrated light from an 
NE-213 liquid scintillator is ~ 130 nsec, when excited by a recoil 
proton from a neutron collision,compared to ~10 nsec,when excited with 
a gamma-ray [KUC68]. Pulse shape discrimination (PSD) circuits 
exploit these different rise times in discriminating between neutron 
and gamma-ray events. In a typical PSD scheme, shown schematically in 
Fig. 3.6, the integrated output from the scintillator preamplifier is 
doubly differentiated. The zero crossing point of this pulse occurs 
when the integrated output is 0.85 of its final value [KUC68]. By 
timing between the beginning of a pulse and the zero crossing point 
the rise time of the integrated output is determined.
These rise time measurements are usually not sufficient by 
themselves to uniquely discriminate between all neutron and gamma-ray 
events, but are often used in conjunction with measurements of the 
time-of-flight of the particles from the target to the scintillator.
3.3 DETECTORS 
3.3.1 Si Detectors
The Si surface barrier detectors used in all experiments were
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manufactured at ANU. The range of evaporation residues, fission 
fragments and beam particles in Si is approximately 5 ym, 15 ym and 
100 ym respectively. The difficulty in producing thin Si detectors 
(< 20 ym) precluded their use as AE detectors for fission fragments 
and evaporation residues, however they were widely used as E 
detectors.
GAS INLET
0 n9
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SURFACE BARRIER 
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(10 —30^.gm /cm 2 )
Fig. 3.7: Plan and sectional view of the multi-angle gas ionization
chamber (from [0PH81]).
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3.3.2 Multi-Angle Gas Ionization Chamber
Fission fragments were identified with a gas chamber [0PH81]
containing eight E-AE telescopes each separated by 15° relative to the
axis of the chamber. AE signals were obtained from single segmented
anode and grid electrodes. Each telescope had an individual Si
counter to measure the residual energy of particles after traversing
the gas volume. The internal construction of the chamber is shown in
Fig. 3.7. Figs. 3.8 and 3.9 show the partially assembled chamber
displaying the grid and anode electrodes and the Si counters. The
chamber was filled with ~ 20 torr of isobutane gas (C^h q^) which
_ocorresponds to a thickness of ~ 0.6 mg cm for the 7 cm gas length of
each telescope. Fission fragments lost approximately AO MeV or about
half of their energy in the gas compared to a loss of ~ 6 MeV for beam
particles. The grid and anode electrodes were typically operated at
voltages of 100 and 200 volts respectively. The Si counters were all
approximately 200 ym thick (20 mg cm ) and thus stopped all heavy
_ oparticles. Particles entered the telescopes through ~ 40 yg cm 
formvar windows.
3.3.3 Multi-Wire Proportional Counter (MWPC)
A gas proportional counter, of the type described by Breskin and 
Zwang [BRE77], was employed to obtain a timing signal for time-of- 
flight measurements. It consisted of three parallel gridded 
electrodes, two being earth planes either side of a central anode 
plane. The constituent parts of this counter are displayed in 
Fig. 3.10. Particles travelled perpendicular to and through the 
centre of each electrode. Most of the ionization collected originates 
from the 6.4 mm width of the counter and most of the charge
Fig. 3.8: View of the multi-angle gas ionization chamber with the
segmented grid electrode clearly visible.
Fig. 3.9: View of the multi-angle gas ionization chamber with the
grid electrode also removed. The Si surface barrier energy 
detectors are clearly visible.
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amplification occurs near the anode grid wires where the electric 
field was strongest. This device was typically operated with 2 torr 
of isobutane gas and with ~ 500 volts applied to the anode.
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Fig. 3.10: Sectional view of a MWPC (from [LEI81]).
A modified MWPC was employed for neutron detector efficiency
measurements. It was constructed by replacing one of the earth grids
2 52with a metallic disk on the inside surface of which was a Cf
spontaneous fission source. The other earth grid was replaced with an 
aluminium foil. For each fission decay of the Cf source, one of 
the resulting fission fragments was emitted into the gas volume 
between the electrodes. Hence, this device ideally detected all 
fission decays. In practice it was found to be greater than 97% 
efficient.
3.3.4 Time-of-Flight Telescope
A time-of-flight telescope was constructed inside the multi-angle
60
gas chamber described in Section 3.3.1. The time-of-flight of a 
particle was measured over a distance of 9 cm between a MWPC and a Si 
detector. The arrangement of these detectors within the chamber, 
shown schematically in Fig. 3.11, utilized only one of the eight 
possible entrance windows. The remaining volume of the gas chamber 
acted as a reservoir of gas. With the low gas pressures used (2 torr), 
it was advantageous to have a large gas volume to reduce the effects 
of gas contamination and leaks.
9 cm. FLIGHT PATH
MOUNTING
CRADLE
M.W.P.C. LA R G E
AR EA
Si S.B.D.
WINDOW AND 
COLLIMATOR M O U N T
Fig. 3.11: Sectional view of the time-of-flight telescope (from 
[HIN82a]) .
Low gas pressures were essential to reduce the multiple 
scattering of evaporation residues by the gas molecules. If large 
multiple scattering occurred, the evaporation residues could be 
deflected away from the Si detector. The dependence of the
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evaporation residue yield with gas pressure was investigated with 
100 MeV 160 ions on 9^7Au. Over the pressure range 0.8 to 4 torr, the 
relative evaporation residue yield was found to be constant. Thus for 
the gas pressure of 2 torr used, the Si detector intercepted 
essentially all evaporation resides which entered the telescope.
3.3.5 Neutron Scintillator Counter
Neutron detection was achieved with a 100 mm x 75 mm diameter 
NE-213 liquid scintillator coupled via a 10 cm light guide to a 
RCA 8575 photo-multiplier tube. The linear output was obtained from 
the 8th dynode of the 12 dynode chain. The anode output was used for 
providing timing signals.
Table 3.1
Isotopic composition of the target materials
TARGET ISOTOPIC COMPOSITION
1920s 1920 s (99.9%) 1900 s (0.5%)
181Ta 181Ta(100%)
169T,n 169Tm(100%)
159Tb 159Tb(100%)
150Sm 150Sm(87.1%) 149Sm(3.9%) 152Sm(3.8%)
147Sm(2.0%) 154Sm(1.5%) 148Sm(1.3%)
139La 139La(100%)
3.4 TARGETS
3.4.1 Target Composition
The isotopic composition of the sample materials used for target
1 q  o imanufacture are listed in Table 3.1. The Os and Sm targets were
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manufactured from isotopically enriched samples of Sm^O^and Os metal 
respectively. The Sm^O^ was reduced with La.
A search was performed for heavy element impurities in the ^^Sm, 
and ^^Tm targets using the PIXE technique. The targets were 
irradiated with 2 MeV protons and the induced X-rays were detected. 
The L X-rays associated with the nominal target elements were clearly 
seen, however no other X-rays from elements of atomic number greater 
than 20 were observed. From the statistics gathered, the abundance of 
any heavy elements in these targets were less than 0.25%.
Table 3.2
Listing of the self supporting targets with their thicknesses 
and the measurements for which they were employed.
TARGET THICKNESS MEASUREMENTS
mg cm-^ E-AE Coinc. Neutron
Fission Fission Multiplicities
181Ta 0.5 * *
169Tm 1.7 * * *
159Tb 0.8 * *
150Sm 1.0 *
139La 0.5 *
3.A.2 Self-Supporting Targets
Targets consisting of thin, self-supporting metal foils were
manufactured by rolling the sample materials to thickness of 0.5 to 
_o2.0 mg cm . The thicknesses of the individual targets are listed in
Table 3.2. These thicknesses were obtained from measurements of the
19energy lost by 80 MeV F ions in traversing the targets. This energy 
loss was measured by a Si surface barrier detector located 40° from 
the beam direction. The Si detector was calibrated using 70 and
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1 9  - ?80 MeV F ions on a very thin (40 yg cm ) Au target. Differential
energy losses,estimated from the tables of Northcliffe and Schilling
[NOR 70], were used to calculate target thicknesses from the measured
energy losses. The experiments for which these targets were employed
are also indicated in Table 3.2.
3.4.3 Evaporation Residue Targets
Excessive multiple scattering of the evaporation residues within
the target would smear out their angular distributions. To reduce
this smearing, all evaporation residue measurements were performed
_2with thin (~ 40 yg cm ) targets. The multiple scattering half-width, 
for evaporation residues in targets of this thickness, was estimated 
[SIG74] to be 0.8°. This should not greatly affect the shape of the 
measured angular distributions.
The targets were manufactured by evaporating the target materials 
_2onto 15 yg cm carbon backings. By placing a suitable mask in front 
of the carbon backings, the target material was deposited in a 0.5 mm, 
vertical strip. The strip nature of these targets ensures that the 
effective beam spot position, from where the evaporation residues 
originate, is well defined. Beam instabilities thus cause only 
negligible changes in the effective angles of the surrounding 
detectors (< 0.4°).
3.4.4 ^^Os Targets
192The Os targets employed for fission excitation function
measurements were manufactured by evaporating Os, via an electron gun
_2technique [MUG79] onto a 10 yg cm carbon backing. The thickness of
-2Os deposited was ~ 50 yg cm , and two such targets sandwiched
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together were used.
Self-supporting target were manufactured for pre-fission neutron
_2multiplicity measurements by electroplating ~ 1 mg cm of Os onto
copper [MUG79]. The copper was then etched off in a trichloro-
acetic-acid-ammonia solution. These self-supporting targets however
later disintegrated into a number of large pieces. The target used in
the experiments consisted of one of these pieces mounted on a 
_210 yg cm carbon backing.
3.5 ABSOLUTE NORMALIZATION OF CROSS SECTIONS
One of the common methods of obtaining absolute cross sections is 
to compare the measured yield of a reaction product to the Rutherford 
scattering yield. For a detector with solid angle positioned at an 
angle 0, the expected yield N from a reaction of cross section O is
N D , 3.9
where N^ is the number of projectiles incident on the target, which has 
a thickness of D nuclei per unit area. The quantity N^ D can be 
determined by simultaneously measuring the Rutherford scattering yield
(N ) in a separate monitor counter ,0 ). m r m ’ m
N D P
______ m_____
(döR/dß)0 ^  * 3.10
m
Absolute cross section can then be obtained, from Eqs. 3.9 and 3.10, if 
the relative solid angles of the two detectors are known.
For the highest beam energies investigated, elastic scattering 
was only Rutherford at very forward angles (< 25°). The Rutherford 
differential cross section however is very sensitive to angle in this 
region. Any small displacement of the beam spot on the target, from
65
the centre position, produces large variations in the measured elastic 
yield. This problem is usually overcome by using two monitor counters 
of almost equal solid angles positioned at angles (0 x »e2) 
equal in magnitude, but on opposite sides of the beam axis. The 
quantity N^ D, calculated from the total elastic yield is then
Np D (doR/an)e + (daR/dfi)0 a 2  ■ 3-11
This equation requires no first order correction to account for 
displacements of the beam spot position on the target.
3.6 E-AE FISSION MEASUREMENTS
This section describes measurements of fission cross sections 
using the E-AE method for fission fragment identification. These 
measurements were performed with the multi angle-gas ionization 
chamber allowing a seven point fission angular distribution to be 
obtained in a single measurement.
3.6.1 Experimental Layout
The detectors employed, consisted of the multi angle gas chamber 
and a Si monitor counter, both mounted within a 51 cm aluminium 
scattering chamber. A plan view of the chamber and the detectors is 
displayed in Fig. 3.12. The gas chamber was positioned such that the 
E-AE telescopes were located at the nominal angles of ±15°, ±30°,
45°, 60° and 75° to the beam direction. The telescope located at 0°
was not used in these measurements. Fission cross sections were 
normalized with respect to Rutherford scattering detected in the ±15° 
telescopes.
The solid angle of each telescope was defined by a circular
66
tantalum collimator. The cross sections at the forward angles, 
arising almost entirely for Rutherford scattering, were very large. 
Therefore the collimator diameters were chosen to be small at these 
angles and progressively increased at the larger angles to partially 
equalize the counting rates. Typically collimator diameters of 
0.5 mm, 1 mm and 4 mm were employed on the ±15°, ±30° and the 
remaining telescopes respectively. A 2 mm thick copper strip was 
located 5 cm behind the target and acted as a beam stop preventing the 
direct beam from striking the gas chamber. The Si monitor counter was 
positioned at -90° to enable accurate measurement of the telescope 
angles (Section 3.6.3).
Beam
Stop
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Target
Fixed Monitor 9 0  
Counter
Beam
Scattering
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Fig. 3.12: Arrangement of multi-angle gas chamber
detector with the 51 cm scattering chamber for
and monitor 
E-AE fission
measurements.
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3.6.2 Electronics
The output signals from the ionization chamber and the seven E 
detectors were amplified and prepared for accumulation by the data 
collection computer using the electronics scheme displayed in 
Fig. 3.13. The electronic units shown in Fig. 3.13 and subsequent 
electronic schemes (Figs. 3.15, 3.17 and 3.20) are identified in 
Table 3.3. The E signals were all fed into an eight input sum 
amplifier. For each input signal, this device produced an identical 
output signal plus an identifier signal (I) which specified the 
telescope in which the event was detected. The E, AE and I signals 
were recorded in coincidence mode.
DETECTOR
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2 fold 
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Fig. 3.13: Electronics scheme for E-AE fission measurements.
Electronic units are identified in Table 3.3.
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Table 3.3
Electronic units utilized in the electronics schemes 
shown in Figs. 3.13, 3.15, 3.17, 3.20
Slow Logic Units
ADC Canberra 8060 Analogue to Digital Converter
Amp Tennelec 203 BLR Linear Amplifier
Coinc Canberra 1446 Coincidence Unit
Delay Line Amp Ortec 460 Delay Line Amplifier
Delay Amp Canberra 1457 Delay Amplifier
G+D Ortec 416A Gate and Delay Generator
Gate Canberra 1454 Linear Gate and Stretcher
Pre Ortec 125 or 142B Preamplifier
PS ANU Prescaler
SCA Canberra 1437 Timing Single Channel Analyser
Sin Pre Ortec 113 Scintillator Preamplifier
Sum Canberra 1465A Sum-Invert Amplifier
SUM AMP ANU Sum Amplifier
XSCA Canberra 2037 Edge/Cross-over Single Channel Analyser
Fast Timing Electronic Units
CF Ortex 473A Constant Fraction Discriminator
Delay Ortec 425 Nanosecond Delay
Dis Le Croy 821 Discriminator
FA Le Croy 612A Fast Amplifier
Fast Gate Le Croy 365AL Dual 4-fold Majority Logic Gate
FF ANU Fast Fan In-Out
FPA University of Birmingham Fast Preamplifier
TFA Ortec 454 Timing Filter Amplifier
TAC Canberra 1443 Time Analyser
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The E signals from the ±15° telescopes were also recorded in 
singles mode for determination of Rutherford yields.
3.6.3 Angle and Solid Angle Measurements
The turntable, onto which the gas chamber was mounted, can be set 
to an accuracy of ±0.1°. However, the gas chamber could not be so 
precisely mounted on this turntable and the angles of the various 
telescopes could differ from their nominal values by up to 1°. Hence 
the positions of the two forward angle telescopes were determined 
accurately by a technique, utilizing Rutherford scattering, before 
each set of fission measurements were performed. The beam energy was 
reduced to a value well below the Coulomb barrier ensuring that all 
elastic scattering was Rutherford in nature. In determining the angle 
of the nominally +13° detector, elastic yields were initially measured 
in both this detector and the monitor counter, with the gas chamber in 
its usual position (Fig. 3.12). The turntable was then rotated 
through exactly -30° so that the detector was now at a nominal angle 
of -15°, whilst the monitor remained fixed. Elastic yields were again 
measured in both detectors. If the true angle of the telescope 
differed from its nominal value (0 ) by 6, where
0 = 0 + 6  3.12n
then,from Eqs. 3.9 and 3.10
(N/V + 15° / (N/V -15° " (dV dn)15°+ 6/(d°R/dn)l5°-5 • 3'13
Expanding to first order in 6,this becomes
/ d 0 1 K 0
(N/V + 1 5 ° / (N/IV - X5o - l + M - j e * -  cot - f  3.14
' cm
from which 6 was determined. Similar procedures were performed for
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the -15° and ±30° telescopes. The average value of 6 obtained for 
these telescopes was used to estimate the angles of the other 
telescopes.
Relative solid angles of all the detectors were determined by 
dividing their measured elastic scattering yields with the Rutherford 
differential cross section at the appropriate angles.
3.6.4 Procedure
Measurements were made for each system with beam energies from 80 
to 130 MeV in 5 MeV steps. Beam intensities were limited so that the 
data collection rate of the computer was less than 2000 events/sec, 
which kept AE rates down to reasonable levels. Measurements at each 
energy were only halted when more than 100 fission fragments were 
detected in the two 15° detectors, except for the energies with very 
low cross sections where limited experimental time necessitated the 
collection of fewer events.
3.7 COINCIDENCE FISSION MEASUREMENTS
This section describes measurements of fission cross sections 
using the coincidence method for fission fragment identification. 
Fission fragments were detected in two 60 ym Si surface barrier 
detectors, E^ and . The E^  detector was collimated to give it a 
well defined angle (± 3°) for which differential cross sections were 
determined. Complementary fragments were intercepted by the large 
solid angle E^ detector with an acceptance angle of ±20°.
3.7.1 Experimental Layout
The arrangement of the detectors within the 51 cm scattering
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chamber is shown in Fig. 3.14. The detector was positioned at -80° 
whilst the position of the detector was determined from reaction 
kinematics, though typically between 50° and 70°. The distance from 
the target to the and E2 detectors was 2.8 cm and 10.8 cm
respectively, which corresponds to a flight time difference (AT) of
~ 7 nsec for fission fragments. Electrons were prevented from
-2entering the E^ detector by a 750 pig cm gold foil. Fission 
fragments lost ~ 8  MeV in traversing this foil.
Cross sections were normalized with respect to Rutherford 
scattering detected in two Si monitor counters located at ±20°.
3.7.2 Electronics
The electronics scheme employed for these measurements is shown 
in Fig. 3.15. It consists of fast timing electronic units located 
near the scattering chamber which produced the AT signal> and slow 
logic electronic units located in the accelerator control room. The 
AT signal was derived from a Time to Amplitude Converter (TAC) started 
and stopped with timing pulses from the E^ and E2  detectors 
respectively. The FWHM resolution of these pulses, comprising both 
intrinsic detector resolution and the resolution from the subsequent 
electronic units, was less than 1 nsec. This was more than adequate 
for identification purposes.
The logic electronics selected only events with coincident E^ y E2  
and AT signals. A total energy signal (ESUM) was derived by 
electronically adding the and E2 signals. The E1, E2, EgUM and AT 
signals were recorded in coincidence mode.
The energy signals from the monitor counters were recorded in 
singles mode for the determination of Rutherford yields.
72
Monitor
Counters
E2 Detector 
Gold Foil
Beam
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Fig. 3.14: Arrangement of detectors within the 51 cm scattering
chamber for coincidence fission measurements.
e2
DETECTOR
E|
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TIMING LOGIC
TAC SCAt 3foldCoincStop
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S t o r t
E2
esum
AT
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Fig. 3.15: Electronics scheme for coincidence fission measurements.
Electronic units are identified in Table 3.3.
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3.7.3 Procedure
The Ej detector was positioned at angles, calculated assuming 
symmetric mass and charge division in fission and total kinetic 
energies given by Eq. 3.5. A fission fragment
angular correlation measurement, for E^ angles from 40° to 80°, was 
performed for 119 MeV + ^^Ta to check the accuracy of these 
calculated angles (Section 4.2.1).
The relative solid angles of the E1 and monitor detectors were 
determined using the procedure discussed in Section 3.6.3.
All measurements were performed with E2 detection rates limited 
to 10000 events/sec and data collection was halted when more than 100 
fission events were detected.
3.8 EVAPORATION RESIDUE MEASUREMENTS
This section describes the measurement of evaporation residue 
cross sections, which employed the time-of-flight telescope for 
identification and detection of evaporation residues.
3.8.1 Experimental Layout
The time-of-flight telescope and a Si monitor detector were 
located within the 51 cm scattering chamber as depicted in Fig. 3.16. 
The monitor counter was positioned at a fixed angle of -40°. The 
telescope position was varied between -10° and +20°. The beam was 
either stopped in an insulated tantalum strip attached to the front of 
the gas chamber or in the beam dump located beyond the scattering
chamber.
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TARGET
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ANGLES •FIXED
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Fig. 3.16: Arrangement of detectors within the 51 cm scattering
chamber for the evaporation residue measurements (from [HIN82a]).
Fig. 3.17: Electronics scheme for evaporation residue measurements.
Electronic units are identified in Table 3.3.
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3.8.2 Electronics
The electronics scheme employed for these measurements is 
displayed in Fig. 3.17. The fast (timing) electronic units produced 
the time-of-flight signal (T) from a TAC which was started with a 
pulse from the Si detector and stopped with a pulse from the MWPC.
In order to cover a large dynamic range of Si detector pulse 
heights (1-130 MeV), two amplifiers were employed. The high gain 
amplifier had a gain of approximately 10 times larger than that of the 
low gain amplifier.
For each detected event, Ehg and/or Elg, T and the linear 
signal (AE) from the MWPC were recorded in coincidence mode. The E^ 
signal was also separately recorded with the energy signal from the 
monitor counter in singles mode.
3.8.3 Normalization
Normalization of the ER cross sections was achieved from elastic 
scattering detected in the monitor and the time-of-flight detector. 
From Eq. 3.9 the ratio of the two elastic yields is
(N/Nm) = (daR/dft)e ft/(daR/dft)0 3.15
' m
= A(dQR/dfi^  . 3.16
The constant A is just a normalization factor. As with the E-AE 
fission measurements, there was some error in positioning the gas 
chamber onto the scattering chamber's turntable. If the angular error 
of the time-of-flight telescope from its nominal value (0 ) was 6, 
(Eq. 3.12) then
(N/Nm)0 - A(daR/dn)0 +5
n n
3.17
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Both A and 6 were obtained by fitting the experimental values of
NgCS^/Nm with this equation. Evaporation residue cross sections were 
obtained from the best fitting parameters, A and 8 , by
3.8.4 Procedure
Measurements were performed at the beam energies for which the 
fission cross sections had been determined. Detailed angular
distributions, consisting of 14 to 23 angles between 1.5° and 20° on 
either side of the beam axis, were made at about 5 energies for each 
system. At intermediate energies, only ~ 7  angles were measured and 
the shapes of these distributions were assumed to be similar to those 
of the neighbouring more detailed angular distributions. At each 
angle, the beam intensity was limited so that the elastic rate in the 
Si detector was always less than or equal to 2000 events/sec. This 
resulted in dead times of less than 1% for all recorded signals.
3.9 PRE-FISSION NEUTRON MULTIPLICITY MEASUREMENTS
Neutrons emitted in coincidence with fission fragments are often 
classified as either pre-fission or post-fission. Pre-fission 
neutrons are emitted by the compound system prior to scission, whilst 
post-fission neutrons are from the fission fragments. A number of 
authors [CHE68, CHE70, BIS72, FRA75, GAV81, WAR83] have extracted pre- 
and post-fission multiplicities from the velocity distribution of 
neutron, detected in coincidence with fission fragments> at the 
neutron-fission correlation angles (0 ) of 0° and 90°, where all
ER nv 6 *n
3.18
n
particles were detected at a fixed angle relative to beam axis. The
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extraction of neutron multiplicities from these velocity spectra is 
described in Section 4.4.7. This section describes the measurements 
of neutron velocity distributions for 0 = o°, 45° and 90°.
Neutrons were detected with the NE-213 liquid scintillator 
counter, whilst fission fragments were detected in three E-AE 
telescopes, each consisting of a 20 ym Si AE detectors followed by a 
100 ym Si AE detectors. Fission fragments were stopped in the AE 
detector whilst most beam particles were stopped in the E detector. 
Neutron velocities were determined from the time-of-flight of the 
neutrons to the scintillator counter. The three fission fragment 
detectors enabled measurements, for the three correlation angles,to be 
made simultaneously.
3.9.1 Experimental Layout
The target and fission fragment detectors were located within a 
10 cm diameter scattering chamber orientated such that its axis 
coincided with the beam axis. The scattering chamber walls were made 
as thin as possible (0.8 mm) to reduce the scattering of neutrons. 
The target, fission fragment detectors and the scintillator counter 
were located within a plane perpendicular to the beam axis. The 
target and the three fission fragment detectors were supported by a 
structure consisting of two concentric aluminium cylinders each 2 mm 
thick and of length 3 cm. A section through this structure is shown 
in Fig. 3.18. The outside cylinder fitted flush with the inside wall 
of the scattering chamber. The fission fragment detectors were 
attached to the outside cylinder at angles of 0°, 45° and 90° to the 
vertical. The neutron detector was suspended by a metal tripod 
structure directly above both the target and the 0° fission fragment
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detector. The arrangement of the detectors relative to the scattering 
chamber is shown schematically in Fig. 3.19. The distance from the 
target to the centre of the scintillator material was 34 cm. Care was 
taken that there were no substantial masses located near the neutron 
detector as these could act as scatterers of neutrons. The nearest 
such mass was the floor of the experimental area which was ~ 1.8 m 
from the neutron detector.
3.9.2 Electronics
The electronics scheme, employed for these measurements, is 
displayed in Fig. 3.20. The neutron time-of-flight was obtained from 
a TAC started with a signal from one of the thin Si detectors and 
stopped with a signal obtained from the anode of the photo-multiplier 
tube. The calibration of the TAC output was achieved with an Ortec 
462 Time Calibrator.
The logic electronic units selected only events,with a AE signal, 
but with no E signal, which were in coincidence with a signal from the 
scintillator detector.
Pulse shape discrimination was performed on the output from the 
scintillator counter. In order to cover a large dynamic range of 
neutron detector pulse heights (0.2-10 MeV), two amplifiers were 
employed. The high gain amplifier had gain of ~ 10 larger than that 
of the low gain amplifier. The pulse height ranges covered by the 
high and low gain systems overlapped.
For each detected fission— fragment-neutron coincidence, seven
parameters were recorded: The fission fragment energy (E^)^ a fission
fragment detector identification signal (If), the neutron
time-of-flight (T), the high gain neutron detector linear output (E, )ng'
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Fig. 3.18: Sectional view of the target and fission fragment detector
assembly employed for pre-fission neutron multiplicity 
measurements.
FRAGMENT
DETECTORS
TARGET
SCATTERING
CHAMBER^
Fig. 3.19: Arrangement of the neutron and fission fragment detectors
relative to the scattering chamber for pre-fission neutron 
multiplicity measurements (from [WAR83]).
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and it associated PSD signal (t^ ), plus the corresponding low gain 
signals (E^g and Tj ). One percent of all fission fragment singles 
events were also recorded for each detector.
3.9.3 Efficiency Measurements
The efficiency of the neutron detector was measured before and
after all neutron experiments. This was done using the modified MWPC 
O c 2containing the Cf spontaneous fission source (Section 3.3.3). It
was placed in the target position and efficiency measurements were
made at a number of different orientations of the MWPC. The velocity
252spectrum of neutrons in coincidence with fission events from the Cf 
source was measured. The efficiency, as a function of neutron
velocity, was obtained by dividing the measured spectrum by the well 
known empirical form of the Cf spectrum (Section 4.4.6). This
efficiency curve contains effects produced by the scattering of 
neutrons from materials near and around the scattering chamber. It 
therefore may be dependent on the position of the neutron detector and 
for this reason,the experiment arrangement was not changed during the 
experimental period.
3.9.4 Procedure
Beam intensities were limited so that the detection rate of the 
neutron counter was always less than 10^ events/sec. Up to 10^ 
neutron-fission-fragment coincidences were detected at 0  ^= 90° for
each beam energy.
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CHAPTER 4
EXPERIMENTAL RESULTS
This chapter describes the reduction of the data collected in the 
various experiments to cross sections or multiplicities.
Data stored in coincidence mode on magnetic tape were typically 
sorted into one or two dimensional spectra using programs written by 
Dr. I.G. Graham and Dr. G.S. Foote. These spectra were used to 
identify reaction products and determine reaction yields.
4.1 E-AE FISSION MEASUREMENTS
4.1.1 Identification
Fig. 4.1 displays typical E-AE spectra obtained from each of the 
E-AE telescopes for the reaction 100 MeV ^ F  on ^^Tm. The fission 
fragments in these spectra are well separated from all other detected 
events due to their large AE signal.
4.1.2 Angular Distributions
The centre-of-mass angular distributions of fission fragments 
from nuclear systems with very large angular momenta are expected to 
have the form
or equivalently
da 1
d!w! sinQcm cm
da
d6cm
2TTsin0 dacm dQcm
constant .
4.1
4.2
For finite angular momenta, angular distributions deviate from this
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130 MeV l9F + 169Tm
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I
o
-  60
.
i  ''
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RESIDUAL ENERGY (E) Channels
Fig. 4.1: Residual energy versus energy loss spectra obtained with
19 169each E-AE telescope for the reaction 130 MeV F on Tm.
The large AE of the fission fragments clearly separates them from 
all other detected events.
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form only at angles near 0° and 180°.
Centre-of-mass differential cross sections were calculated from 
the measured laboratory differential cross sections by assuming all 
fission fragments had a single mass (symmetric fission) and a single 
centre-of-mass kinetic energy which was calculated from Eq. 3.5. The 
error induced by substituting the average values, instead of the 
distributions of mass and energy of the fission fragments, is expected 
to be negligible. Britt and Quinton [BRI60] estimated this error to 
be ~  2% for the reaction of on ^^Au. Similarly, the average
fission fragment kinetic energy does not need to be known precisely as 
a 20% error results in only a 5% error in da/d0 cm
The experimental angular distributions, displayed in Fig. 4.2,
are all consistent with a constant da/d0 as indicated by the solidcm J
curves. Some typical da/d0cm distributions are shown in Fig. 4.3.
4.1.3 Excitation Functions
Assuming dG/d0cm is independent of angle, then the fission cross 
section is
f is
tt da 
2 d0 4.3cm
Fission cross sections were calculated from Eq. 4.3 using the weighted 
mean value of the experimental da/d0 distributions given by
/ da
'Nd0
7
2
i=l
da
d0cm'
cm 72 N 
i-i :
4.4
where the experimental value at each angle (da/d0 ) was weighted by 
the number of detected fission fragments (ISL). in Fig. 4.3,the
weighted mean of the distributions are indicated by the horizontal
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lines. The deviation of the fission angular distributions from a 
1/sinQ^ form is expected to induce only negligible errors in the 
calculated cross sections.
d cr 
de
( mb , sr '
114 MeV
20 40 60 80  100
0 CM (Degrees)
Fig. 4.3: Typical da/dö^ angular distributions obtained from the
E-AE fission measurements. The horizontal lines through the data 
points are the weighted mean of these distributions, which were 
used to calculate fission cross sections.
Fission cross sections were corrected for the energy spread of 
beam particles in the various targets. If the average energy lost by 
a beam particle in a target was 2AE, then the measured fission cross 
section is the average cross section over the energy interval E^ ^ to 
E-^ ak~2AE. If to a first approximation, the variation of fission cross 
section over this energy range is exponential:
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G f is “ exp(-w Elab) 4.5
then the fission cross section at the mean interaction energy of
beam particles with the target nuclei (E^^-AE) is related to
average or uncorrected cross section (q ) byf is
wAE
°fis Gfis sinh(wAE)
the
the
4.6
The quantity w was extracted from the uncorrected excitation functions
and AE was estimated from [N0R.70]. The corrections however were found
to be negligible (< 1%), except for measurements performed with the 
169Tm target (the thickest target) where 2AE was ~  4 MeV. At the 
lowest beam energy^ the fission cross section was reduced by 7% for 
this target.
The ^ ^ S m  target contained 13% of other samarium isotopes 
(Table 3.2). Calculations with the statistical model suggested that 
the fission yield from this target was within 2% of the yield from a 
pure ^ ^ S m  target. No corrections were therefore made to the ^ 0  on 
^ ^ S m  fission cross sections.
The experimental fission cross sections are listed in Table 4.1 
and the excitation functions are plotted in Fig. 4.4 together with the
19 1 Q Iexcitation function measured for F on Ta by Hinde et al. [HIN82].
18 192The fission excitation function for the reaction 0 on Os is also 
compared to the previous results of van der Plicht et al. [PLI83]. 
These two sets of measurements are in excellent agreement.
4.2 COINCIDENT FISSION MEASUREMENTS 
4.2.1 Identification
The E^-a t , E2~AT and Egum-AT spectra of coincidence events 
detected in the reaction 100 MeV ^ F  on * ^ T m  are shown in Figs. 4.5
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1000
4 E-AE Measurements
<J> Coincidence Measurements
4 Van der Plicht et al
(MeV)
Fig. 4.4: Fission excitation functions obtained with both the E-AE
18 19 2and coincidence-fission measurements. The 0 on Os results
are compared to previous measurements of van der Plicht et al. 
[PLI83]. The smooth lines guide the eye.
and 4.6. Fission events in these spectra are well separated from the 
^p_169rj,m coincidence events. A small number of events each 
associated with the detection of a pair of uncorrelated beam particles 
(random coincidences) are present in these spectra. There is some 
overlap between these events and fission events in the E^-AT and E2~AT 
spectra. Fission yields were therefore obtained only from the Esum~AT
spectra.
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( Channe ls ) E 2 ( C h an n e ls )
Fig. 4.5: Spectra of flight-time-difference versus the energy^ for each
19of the detected coincidence pairs for the reaction 100 MeV F on
169Im.
1 7 0 MeV 2 8 Si + 1 60 Gd ( 2 3 2 T h )100 MeV
Fission
Events
Fission 
( i60G d )
. f
Random 
19F- l9F 
Coincidences
•I' •
• Fission _
l#i(232Th)■|9F-'69T m  ' Events .* . ti
4 0 04 0 0 6 0 0  0
E s u m  (Channe ls )  ^SUM (Ch an ne l s )
Fig. 4.6: Flight-time - difference versus total energy spectra of
19 169coincidence events detected in the reactions 100 MeV F on Tm 
28 160and 170 MeV Si on Gd. Fission events are clearly separated 
from target — recoil-elastic — scattering events and random elastic
scattering coincidences. A secondary group of fission events is
28 2 32present for Si induced reactions, due to reactions with a Th
■^^Gd target.contamination in the
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Fig. 4.6 displays the ^Sum-AT spectrum obtained for the reaction
of 170 MeV ^®Si on ^^Gd where the ^^Gd target contained a 20% 
212contamination of Th. In this spectrum there are two groups of
fission fragments, a strong group resulting from reactions with ° Gd
and a secondary, weaker group with a larger ^sum resulting from
reactions with Th. The difference in atomic number of Gd and Th is
27, which is well above the estimated minimum limit for which fission
events from impurity elements are resolved (Section 3.2.2). This
demonstrates the ability of the coincidence method to identify fission
fragments from impurity elements in targets. No secondary groups of
fission events were observed in the E -AT spectra that were obtainedsum r
with the other targets.
A fission-fragment angular-correlation measurement was performed
19 i q ifor the reaction of 119 MeV F on Ta. The dependence of the
measured fission yield on the E1 detector angle (0,) is shown in 
Fig. 4.7. The E^ detector was positioned at -80° and had a maximum 
acceptance angle of ±20°. From the assumptions of Section 4.1.2, 
fission fragment coincidences were expected to be detected for E^ 
angles in the range 48° < 0^  <88°, as indicated by the dashed curve in 
Fig. 4.7. The height of this curve was arbitrarily adjusted to
equal the maximum experimental coincidence yield. Comparison of the 
measured and expected coincidence yields indicate that between 70° and 
88°, some of the complementary fragments were not reaching the E^ 
detector. However, these complementary fragments were emitted at small 
angles relative to the surface of the target. The effective target 
thickness through which they traversed was therefore large and thus a 
fraction of the complementary fragments were probably multiply 
scattered away from the E2 detector.
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Fig. 4.7: Measured coincidence — fission yield relative to the
Rutherford yield in the monitor counters as a function of the
angular position of the E detector, obtained with the reaction 
19 181 1119 MeV F on Ta. The expected variation of coincidence yield 
with angle is indicated by the dashed curve. The reduction of the 
experimental yields from the expected value between 70° and 88° is 
probably due to multiple scattering of complementary fragments.
Fission cross section measurements for this reaction were 
performed with the detector at 60°, which is in the middle of the 
angular region in Fig. 4.7 where the measured coincidence yield was 
constant. At this E^ detector angle, the average complementary 
fragment angle was calculated to be -90°. For all other reactions the 
E^ detector was positioned such that the complementary fragments were 
emitted at approximately this angle.
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4.2.2 Excitation Functions
Fission cross sections were calculated from the measured 
differential cross sections by
sin0 cm d£2 4.7cm
This equation assumes a 1/sinQ^ form of the angular distributions. 
Target thickness corrections (Section 4.1.3) were applied to the 
experimental cross sections .
The experimental cross sections are listed in Table 4.1 and 
the excitation functions are displayed with the results from the E-AE 
method in Fig. 4.4. For the reactions ^ F  on ^ ^ T a  and ^ F  on * ^ T m  
the fission excitation functions obtained from the two methods are in 
excellent agreement.
4.3 EVAPORATION RESIDUES 
4.3.1 Identification
Fig. 4.8 shows typical examples of Ebg-T and Elg-T spectra which 
were recorded at -8° for the reaction 104 MeV ^ F  on ^~^Tb. Two 
groups of particles are prominent in these spectra, evaporation 
residues and beam particles. Most of the beam particles are found in 
the elastic peak, but there is a long tail of slit scattered beam 
particles extending down to low energies. However, the evaporation 
residues are well separated from these particles due to their longer 
time-of-flight. Fig. 4.9 displays the corresponding AE-T spectrum. 
Evaporation residues are also resolved from the slit scattered 
elastics in this spectrum, but not to the same extent as in the E ^ - t 
spectrum. Evaporation residue yields were therefore only obtained
from the E ^ - T  spectra.
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Fig. 4.8: Tlme-of-flight versus energy spectra of events detected in
19the time-of-flight telescope at -8° for the reaction 104 MeV F 
159on Tb. The high and low energy events are plotted in separate 
spectra with different energy scales.
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Fig. 4.9: Time-of-flight versus MWPC - linear - output spectrum
associated with the spectra in Fig. 4.8.
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Fig. 4.10: The elastic scattering angular distribution relative to
19the Rutherford distribution obtained for the reaction 124 MeV F 
169on Tb. The elastic differential cross sections were calculated 
from the fitted elastic yields measured with the time-of-flight 
telescope.
4.3.2 Normalization
Normalization was achieved by fitting the relative Rutherford 
yields from the time-of-flight telescope with Eq. 3.16 (Section 
3.8.3). Only yields from telescope angles greater than 5° were fitted 
as, at smaller angles? the Rutherford scattering from the target 
material and from the carbon backing of the target could not be 
resolved. The chi-squared per point of these fits were typically less 
than 1.5 and the angle error 6 was found to depend on the exact 
position of the strip targets. When a single target was used for a
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consecutive series of measurements, the angle errors were found to be 
always within 0.1° of each other. An elastic scattering angular 
distribution, calculated from the fitted Rutherford yields with 
Eq. 3.18 and the best fitting values of 5 and A, is shown in Fig. A.10 
for the reaction 100 MeV ^ F  on ^^Tm. This typical angular 
distribution shows excellent agreement with Rutherford and thus gives 
confidence in the use of this fitting technique for the normalisation 
of the evaporation residue yields.
A.3.3 Angular Distributions
Evaporation residue angular distributions are displayed in 
Figs. A.11, A. 12 and A. 13. The interpolated curves through the 
experimental points are the assumed angular distributions used to 
calculate evaporation residue cross sections. The extrapolation of 
these curves to zero degrees was made with the aid of a kinematics 
program [HIN82] which calculated ER angular distributions from 
particle evaporation spectra predicted with the statistical model 
codes. The shapes of the angular distributions are all very similar 
and display only a gradual broadening with increasing energy. For 
this reason, the shapes of the distributions, with only a small number 
of data points, were assumed identical to their neighbouring more 
detailed distributions. Such shapes were found to be consistent with 
the experimental points.
A.3.A Excitation Functions
Evaporation residue cross sections were calculated by multiplying 
the smooth angular distribution curves by 27Tsin0 (giving da/d0) and
then integrating:
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<j> positive ongles 
I  negative angles
123 MeV (x700) 
113 MeV U 200 ) 
104 MeV (x40) 
95 MeV (x 15) 
90  MeV (x 5) 
85 MeV (x 2) 
80 MeV
•o \
10 12 14 16 18 20 22 24 26
©  lab (degrees)
Fig. 4.11: Evaporation residue angular distributions obtained for the
18 192reaction 0 on Os. The smooth curves were used to extract
evaporation residue cross sections.
a  = 2 ttER J i S  sin6 d60
00
- f  i S  d e" I d9 4.9
Fig. 4.14 displays some examples o:: do/d0 angular distributions. The
extrapolation of da/dft to 0° is not critically important for
determining o£R, since da/d0 = 0 at: this angle and any reasonable
extrapolation yields errors of only ~ 3%.
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Fig. 4.14: Typical evaporation residue angular distributions
multiplied by 2TTsin9 to give da/d0. The total cross sections were 
calculated by integrating the areas under the smooth curves.
100
1400
60 70 80 90 100 110 120 130 70 80 90 100 HO 120 130
E,ab <MeV>
Fig. 4.15: Evaporation residue excitation functions for the reactions
, 19r 139t 159 , 169 , , 18n 150cof F on La, Tb, Tm and for 0 on Sm. The smooth
lines guide the eye.
70 80 90 100 110 120 130
E |0b (MeV)
Fig. 4.16: Evaporation residue excitation functions for the reaction
1 O 1 O O  I Q  1 8 1
0 on Os and for F on Ta [HIN82]. The smooth lines guide
the eye.
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Calculations with the Bass model suggested that the average ER 
cross section, for the distribution of samarium isotopes in the ^^Sm 
target^was within 1% of that for ^^Sm. Thus, no corrections were 
made to the on ^^Sm cross sections.
The experimental evaporation residue cross sections are listed in 
Table 4.1 and the excitation functions are displayed in Figs. 4.15 and 
4.16 along with the excitation function for on ^®*Ta measured by 
Hinde et al. [HIN82].
105 MeV 19F + l8lTa 6uf = 0°
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Fig. 4.17: Time-of-flight versus fission fragment energy spectrum
obtained for 105 MeV ^ F  on "*"^ Ta at 0  ^= 0°. A dependence of 
the gamma-ray time-of-flight on the fission fragment energy is 
evident.
4.4 NEUTRON MULTIPLICITIES 
4.4.1 Time-of-Flight
The time-of-flight of detected scintillator events was found to
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show a small dependence on the pulse height of the fission AE signal. 
This is the signal from which the time-of-flight stop pulse was 
derived. This dependence is reflected in the T-E^ spectrum shown in 
Fig. 4.17 where the T signal for gamma-ray events clearly varies with
E^. The cause of this phenomenon is probably due to the variation of 
the pulse shape with the pulse height of the input signal to the 
constant fraction unit.
A modified time-of-flight T', which was independent of E^, was 
defined as
T' = T - c Ef , 4.10
where the constant c is the slope of gamma-ray groups in T-E^ spectra 
(e.g. Fig. 4.17).
4.4.2 Neutron-Gamma Ray Discrimination
Discrimination of neutron and gamma-ray events was achieved from
the time-of-flight and the PSD rise-time signals (t, andlg Thg') ’
Examples of T'-T, and T'- Thff spectra obtained with the 252Cf
spontaneous fission source are displayed in Fig. 4.18. These spectra 
all exhibit a prominent, well defined peak due to gamma-rays and a 
much broader distribution of neutrons. Also present are a small group 
of gamma-rays with a time-of-flight approximately 10 nsec larger than 
the main gamma-ray peak. This time-of-flight is consistent with the 
scattering of these gamma-rays from the floor of the experimental 
area. Typical two-dimensional windows which were employed to select 
neutron events in the T'-t^  spectra are also shown in Fig. 4.18. 
Similar two-dimensional windows were defined for the high gain
spectra.
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Fig. 4.18: Time-of-flight versus PSD rise-time spectra obtained from
252the high gain and low gain systems with the Cf source. The 
projections of these spectra onto the time-of-flight, high and low 
window which was used to select neutron events for sorting into 
the low gain time-of-flight spectra is indicated.
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4.4.3 Fission Fragment Identification
Fission fragments were selected electronically as events in the 
E-AE telescopes with a AE signal, but with no E signal. The energy 
spectra of these events with (coincidence) and without (singles) a 
requirement of a coincidence scintillator event are shown in Fig. 4.19^ 
for the reaction 119 MeV 19F on 181Ta (6 = 0°). Both of these
spectra are very similar, exhibiting a broad fission fragment peak. 
Only events within these peaks were assumed to be fission fragments.
105 MeV i9F + l8lTa 9V, =0°
120 
100 
80 
60 
40 
20 
0
0 200 400 600 0 200 400 600
ENERGY ( E f ) (Channels)
Fig. 4.19: Energy spectra of fission fragments, detected at 0 = 0°?
19 181for the reaction 105 MeV F on Ta. The spectrum of singles 
events, those without any requirement of a coincidence 
scintillator event, is similar to the coincidence spectrum. Only 
events in the broad peaks were assumed to be fission fragments.
4.4.4 Time-of-Flight Spectra
Neutron-fission fragment coincidence events were sorted into
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either a low gain (inclusive) time-of-flight spectra for events with a 
T-^ g signal, or a high gain (exclusive) time-of-f light spectra for 
events with a x^g signal, but with no T s i g n a l .  Similar spectra were 
obtained for gamma-rays in coincidence with fission fragments.
The timing resolution of the time--of-flight signal arises from
1) the spread in transit time of fission fragments to the AE
detectors, 2) the response of the detectors and the associated
electronics, 3) the variation of the interaction depth of neutrons in 
the scintillator material (100 cm). The magnitude of the first two 
items was experimentally determined from the width of the time peak of 
gamma-rays in coincidence with fission fragments. Typically this peak 
had a FWHM (At^) of 2 nsec in the low gain spectra and 4 nsec in the 
high gain spectra. Item 3 was treated approximately by taking a 
Gaussian spread in the neutron interaction depth of FWHM (Ad) of 4 cm 
centred on the midpoint of the detector. The total time resolution 
was
At2 = At2 + t ] , 4.11 
Y 1. d  J
where d was the distance from the target to the scintillator detector. 
The observed time-of-flight spectrum G(T) is thus the convolution of 
the true spectrum F(T) with the response function R(T):
where
and
G(T) 
R(T - T')
f
= F(T') R(T - T ’) 
1= ---------- exp
/ 2 tt o (T' )
o(T) = 0.426 At(v)
dT' ,
(T - T ')2' 
20 (T')2 -
4.12
4.13
4.14
For a discrete time-of-flight spectrum this reduces to the matrix
106
equation.
4.15
where
Rij /2tt ö
1
j
4.16
and AT is the spacing between the experimental points in the measured 
spectra. The solution to this matrix equation was obtained using the 
iterative method of Mollenaur [MOL62].
Deconvolution of the measured spectra amplified the statistical 
noise, producing many sharp structures in the deconvoluted spectra. 
As such structures seemed unreasonable, the measured spectra were 
first smoothed with cubic splines producing a function G (T). The 
effective deconvoluted spectra were then obtained from
Fig. 4.20 shows the experimental high gain (exclusive) and the
spectra and their deconvolutions are indicated. The deconvolution has 
the greatest effect in the rapidly rising or falling regions of the 
time-of-flight spectra.
4.4.5 Neutron Velocity Spectra
The high gain and low gain neutron time-of-flight spectra were 
added together and the resultant spectrum was transformed to a 
velocity spectrum by
4.17
^  /"Cwhere F (T) is the deconvolution of G (T).
19low gain (inclusive) spectra obtained for the reaction 105 MeV F on 
181Ta (0  ^= 0°). The smooth curves fitted to these experimental
4.18
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Fig. 4.20: High gain (exclusive) and low gain (inclusive) neutron
19time-of-flight spectra obtained for the reaction 105 MeV F on 
181 Ta at 0  ^= 0°. The cubic spline fits to these spectra and the 
deconvolution of these fitted functions are indicated.
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where f(v) is in units of neutrons/fission event/sr/cm/nsec, is the 
associated number of detected singles fission events, Q is the solid 
angle subtended by the scintillator detector (4 msr) and C is the 
number of channels per nsec in the time-of-flight spectra. A computer 
program was written to deconvolute time-of-flight spectra and then to 
transform them into velocity spectra.
Cf Source
Empirical Neutron 
Spectrum
i , Low \  
V Gain (inc)? 006
-High Gain (exc)
•5 10 1-5 20 2-5 30 3-5
NEUTRON VELOCITY (cm /nsec)
Fig. 4.21: The measured velocity spectrum of neutrons in coincidence
252with fission events from the Cf spontaneous fission source. 
The component high gain (exclusive) and low gain (inclusive) 
spectra are indicated by the dashed curves. The measured spectrum 
is reduced relative to the well known empirical form of the 
spectra as the scintillator counter is less than 100% efficient in 
detecting all incident neutrons.
4.4.6 Scintillator Detector Efficiency
2 S ?The neutron velocity spectra obtained with the Cf spontaneous
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fission source were used to determine the efficiency of the 
scintillator detector. A typical spectrum obtained is shown in 
Fig. 4.21 where the high gain and low gain components of this spectrum 
are indicated by the dashed curves.
252The spectrum of neutrons emitted in coincidence with Cf 
spontaneous fission events has been accurately measured over the 
neutron energy range 0.7 to 5 MeV where it empirically follows a 
Maxwellian form:
N(v) V (27T) - 1/2 mv
3/2
exp
2>>mv
2T 4.19
with a temperature of T = 1.43 ±0.02 MeV [ALE81], an average number of
neutrons per fission event of v = 3.747 ±0.036 [STA81] and where m is
the mass of the neutron. This spectrum is also shown in Fig. 4.21.
The spectrum measured, in this work, is smaller than this, as not all the
neutrons incident upon the scintillator material were detected. The
efficiency of the detector e(v) was derived from the ratio of the
measured to the empirical value of N(v). Experimental efficiency
curves are displayed for two orientations of the MWPC containing the 
252Cf source in Fig. 4.22. These efficiencies show no dependence on 
the MWPC orientation and thus give confidence in the successful 
operation of the MWPC.
The efficiency of the scintillator was also calculated from the 
analytical expression of Drosg [DR072].
£(E) = {1 - exp[-tnHGH (E) ] }
E f f t B 'S
j1 + E - B/2 1 - exp 2 nH°H ' 2j k
where E is the neutron energy, t is the thickness of the scintillator 
material, n^ is the number of hydrogen atoms per volume, cy(E) is the
110
total reaction cross section for a neutron of energy E on hydrogen, and 
B is the lower threshold of the neutron linear signal. The values of 
nHGH^E^ were obtained from [JON80]. The efficiency calculated for 
B = 0.1 MeV, shown by the dashed curve in Fig. 4.22, is in excellent 
agreement with the measured efficiency. Contributions to the 
efficiency, due to the scattering of neutrons into the detector by the 
surrounding materials, are thus expected to be small.
CALCULATED
ADOPTED
cr5—
ANGLE BETWEEN
SOURCE AND NEUTRON DETECTOR
<> 45° + 90°
□ 0 4
NEUTRON VELOCITY 
( c m / n s )
Fig. 4.22: The experimental efficiency of the neutron counter for
detecting neutrons as a function of neturon velocity. The
efficiency measured,for two orientations of the MWPC containing 
252the Cf source, are in agreement. The efficiency curve
calculated from [DR072] and the adopted efficiency curve are 
indicated.
The adopted efficiency is represented by the solid curve in 
Fig. 4.22. All experimental velocity spectra were divided by this
curve
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4.4.7 Pre-Fission and Post-Fission Neutrons
Pre-fission and post-fission neutron multiplicities were obtained
from the 0  ^ = o° and 90° spectra using the iterative technique of
Cheifetz et al. [CHE70], The total number of neutrons N^,(0,v) emitted
at angle 0 and with laboratory velocity v is the sum of three
components, the pre-fission neutrons Npre(0,v) and the post-fission 
d cneutrons,N^ost(0sv) and NpOgt(0,v) from the detected and complementary 
fission fragments respectively:
Nt (0,v ) Npre (0,v) + H
d
post (0 ,v) + N
c
post (0»v) , 4.21
As the fission fragment velocity is comparable to the evaporation 
velocity of the post-fission neutrons, then, the kinematic focusing of 
these neutrons is considerable. Thus, most post-fission neutrons are 
emitted preferentially in the direction of motion of their respective 
fission fragments. The measured 0° spectra is thus dominated by 
post-fission neutrons emitted from the detected fragment. In 
the 90° spectrum, post-fission neutrons from the two fragments are 
approximately equal in number. The pre-fission neutron component in 
both of the measured spectra however^ will be identical, as 
pre-neutrons are correlated with the beam direction.
II ^cm(vcm) Is t-Iie isotropic neutron spectrum emitted by a source 
travelling at a velocity W , then the neutron spectrum in the 
laboratory frame is
where
N(0,v)
f \V
V'• cm;
2
N(v ) » cm 4.22
v^ = v^ + - 2vW cos0 , 4.23cm
In the analysis of the data,the following assumptions were made:
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1) pre-fission neutrons were emitted isotropically in the rest frame 
of the compound nucleus; 2) post-fission neutrons were emitted 
isotropically in the rest frames of their respective fission 
fragments. The fragments are assumed to have reached their final 
velocities before post-fission neutrons are emitted. 3) All fission 
fragments are assumed to have a single centre-of-mass velocity as in 
Section 4.1.2.
As an initial assumption, in the first iteration, NpOst(0 ,v) was 
assumed to be given by the measured 0  ^ = 0° spectrum. The 
post-fission neutron spectra NpOSt(90,v), NpOst(90,v) and NpOSt(0,v) 
associated with this assumed spectrum were then calculated. Neutrons
emitted with velocity vcm?in the rest frame of the detected fission 
fragment^have,in the 0° spectrum^a velocity of
v’ = v + W, cm d
In the 90° spectrum their velocity is
v ,2. 1/2
»
4.24
4.25
where is the velocity of the detected fission fragment 
laboratory frame. Thus from Eqs. 4.22 and 4.23
2
N J 9°,v)post Vv c m ; N (v )cm
N (0,v') , postv ’ ' ’
where
(v’2 - 2-v’W )1/2 . d
in the
4.26
4.27
4.28
Only experimental points with a velocity of 2W^ or greater in the 
measured 0° spectrum contribute to the transformed spectrum.
Similarly
113
where
and
where
IT „(90,v) post 4 | 2 Nd (0 ,v') , V J post
, . . .2 2,1/2v = (v1 -W,) - W ] 'a c
N (0,v) post y NU (0,v’) post
2 2 2  1/2v = [(v1 -W X  + - W ] ' - W,a a c a
4.29
4.30
4.31
4.32
and Wc is the velocity of the complementary fragment in the laboratory 
frame.
The first iteration result for the pre-fission neutron spectrum
d cwas obtained by subtracting N _(90,v) and N _(90,v) from thepost' ’ post
measured 0 ^  = 90° spectrum. The resultant spectrum and NpOSt(0,v) 
were then subtracted from the measured 0° spectrum to give the assumed 
N^ost(0>v) spectrum in the second iteration. The iteration procedure 
was performed using a computer program; it was found to converge 
typically after three iterations.
Npost(0,v) anc* the pre-fission neutron spectra obtained from the 
iteration procedure were transformed to their appropriate 
centre-of-mass frames to give the isotropic post-fission and 
pre-fission neutron spectra respectively. These spectra were fitted 
with the sum of four Maxwellian distributions
4 2 3 f 21
f(v) = S A exp - , 4.33
i=l 1 2T ? I 2TiJ
where the temperatures T^ were held fixed during the fitting and only 
the parameters were varied. A typical temperature set used was
0.5, 1, 2 and 3 MeV. The neutron multiplicities were calculated by 
integrating these fitted curves:
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Fig. 4.23: The extracted isotropic pre-fission and post-fission
19neutron velocity spectra obtained for the reaction 115 MeV F on 
159Tb. The smooth curves are the sum of four Maxwellian 
distributions fitted to these spectra. They were used to 
determine neutron multiplicities.
In Fig. 4.23 the isotropic pre-fission and post-fission neutron 
spectra,obtained for the reaction 115 MeV F on Tb,are shown. The 
curves fitted to these spectra are also indicated. As a test of the 
consistency of the iteration technique,the fits to the the isotropic 
spectra were used to predict the 0 f = 0° and 90° spectra which were 
then compared to the measured spectra. A typical example of this is
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NEUTRON VELOCITY (cm/nsec)
Fig. 4.24: Neutron velocity spectra measured at 0 = 0° and 90° for
19 159 ^the reaction 115 MeV F on Tb. The pre-fission, post-fission 
and total neutron spectra predicted from the fitted curves in 
Fig. 4.23 are indicated.
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shown in Fig. 4.24? for the reaction 115 MeV on ^^Tb. The
components of the predicted spectra are also indicated. The component
°f NpOSt(0 ,v) below Wd is due to neutrons emitted directly away from
the neutron detector in the rest frame of the detected fragment, but
with velocity less than W The measured and predicted spectra are in
excellent agreement in Fig. 4.24.
Pre-fission neutron multiplicities v and the post-fissionpre v
neutron multiplicities per fission fragment or half the total 
post-fission neutron multiplicities Vpost/2 are listed in Table 4.1. 
No neutron spectra were obtained for 0^ = 45° due to a failure of the 
45° E-AE detector during most of the experiments.
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Table 4.1
Experimental fission and evaporation residue cross sections, 
pre-fission multiplicities and post-fission neutron multiplicities per 
fission fragment. The fission cross sections measured with the 
coincidence method are indicated by a *. All other fission cross 
sections were measured with the E-AE method.
E, K lab
(MeV)
öf. f is
(mb)
°ER
(mb)
Vpre V „/2post'
19F + 139La
70 50 ±20
75 238 ±30
80 337 ±30
84 648 ±40
89 749 ±45
94 892 ±60
98 * 0.027 ±0.012
99 1026 ±65
103 * 0.11 ±0.02
104 1178 ±70
108 * 0.242 ±0.40
109 1237 ±75
114 1354 ±80
117 * 1.39 ±0.20
119 1386 ±80
123 * 4.23 ±0.20
124 1377 ±80
128 * 8.82 ±0.30
129 1514 ±90
180 + 150Sm
65 105 ±60
70 281 ±20
80 700 ±40
89 0.087 ±0.010 906 ±55
94 0.28 ±0.02 1104 ±60
99 1.1 ±0.1 1135 ±65
104 2.8 ±0.1 1190 ±70
107 1.40 ±0.3 1.46 ±0.3
109 7.9 ±0.2 1256 ±75 1.57 ±0.3 1.35 ±0.3
114 17.0 ±0.6 1336 ±80
119 30 ±1 1518 ±90
121 2.63 ±0.3 1.30 ±0.3
124 56 ±5 1485 ±90
84
89
94
99
104
109
114
119
123
124
129
82
83
87
88
92
93
95
97
98
100
103
107
108
111
113
118
122
123
123
129
133
118
Of . f  I S °ER Vpre V - / 2p o s t '
(m b ) (m b )
19F + 159Tb
0.10 ±0 .04 282 ±20
0.59 ± 0 .06 437 ±25
1.7 ±0 .1 604 ±35
5.7 ± 0 .2
13.3 ± 0 .6 791 ± 50
33.7 ± 1.4 861 ±50 2.36 ± 0 . 3 1.30 ± 0 . 3
63 ±3 940 ±65 2.57 ± 0 . 3 1.38 ± 0 . 3
106 ±2 1018 ±65 2.83 ± 0 . 3 1.49 ± 0 . 3
2.75  ± 0 . 3 1.52 ± 0 . 3
160 ±3 940 ± 65
214 ±6 1096 ±65
19f + 169Tm
* 0.416 ± 0.009
0.555 ± 0.073 134 ±20
* 2.59 ± 0.23
2.98 ± 0.38 319 ±20
* 10.4 ± 0.5
10.2 ± 0 .8
479 ±30
* 33.1 ± 1.3
32.5 ± 1.0
575 ±35
78.7 ± 2.4 799 ±35 2.51 ± 0 . 3 1.25 ± 0 . 3
*138 ± 5
149 + 4 705 ±45
2.39 ± 0 . 3 1.46 ± 0 . 3
224 ± 7 783 ±45
304 ± 7 805 ±50 2.58 ± 0 . 3 1.64 ± 0 . 3
2.81 ± 0 . 3 1.49 ± 0 . 3
371 ± 9 800 ±50
*425 ± 10
483 ± 9 871 ±50
3.31 ± 0 . 3 1.50 ± 0 . 3
89
94
99
104
104
109
114
114
124
124
134
80
85
90
95
104
113
120
123
124
119
O r  ■ f IS QER Vpre Vpost/2
(mb) (mb)
19f + 181Ta
* 19.4 ± 1
* 60.1 ± 2.5 1.87 ±0.3 1.33 ±0.3
*139 ± 6
*272 ± 6 2.65 ±0.3 1.70 ±0.3
2.42 ±0.3 1.74 ± 0.3
*411 ±13
*532 ± 9 2.72 ±0.3 1.72 ±0.3
3.00 ±0.3 1.96 ± 0.3
*832 ±22 3.55 ±0.3 1.85 ±0.3
3.30 ±0.3 2.08 ± 0.3
3.72 ±0.3 1.82 ±0.3
180 + 1920s
6.3 ± 0.6 195 ± 20
24.4 ± 1.2 364 ± 30
66 ± 2.5 487 ± 30
131 ± 3 594 ± 30 2.15 ±0.3 1.64 ± 0.3
335 ± 8 660 ± 30 3.09 ± 0.3 1.75 ±0.3
582 ± 17 630 ± 30 3.15 ± 0.3 1.79 ± 0.3
3.65 ±0.3 2.18 ± 0.3
855 ±25 570 ± 30
3.86 ± 0.3 2.08 ± 0.3
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CHAPTER 5
DISCUSSION AND CONCLUSIONS
This chapter discusses the statistical model analyses of the
experimental fission excitation functions and the pre-fission neutron
multiplicities. These measurements will be investigated within the
framework of a simple macroscopic model of the nucleus. Shell and
pairing effects will be assumed to be washed out at the angular
momenta and excitation energies of concern. The level densities will
be taken from the Fermi gas model. Angular momentum dependent fission
barriers will be taken from the recent calculations of Sierk. These
include the effects of the finite range of the nuclear force and the
diffuseness of the nuclear surface. In the statistical model
analyses, an attempt will be made to use realistic compound nucleus
angular-momentum distributions. These will be constrained, to some
extent, from the experimental fusion cross sections. In Section 5.1
the computer code ALERT1, which was used to make the statistical model
calculations, is described. The exact forms of the level densities,
the particle transmission coefficients, the CN angular-momentum
distributions and the fission barriers, are discussed. Section 5.3
describes the statistical model analyses of the fission excitation
functions. The CN angular momentum distribution will be shown to be
very important in the calculation of the fission cross section. An
attempt will be made to reproduce the experimental data using the
Sierk fission barriers with a_/a = 1.00 . Only the shape of the CNf v
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angular— momentum distribution will be allowed to vary. In Section 
5.4, the pre-fission neutron multiplicities will be discussed. These 
measurements will be used to test the assumption that a^/a^~ 1.00 . 
The importance of neutron emission from the fissioning system during 
the saddle-to-scission transition and from the fission fragments 
whilst they are initially accelerating, is considered. Section 5.5 
presents the conclusions of this work.
5.1 STATISTICAL MODEL CALCULATIONS
5.1.1 Computer Code
Statistical model calculations were performed with the computer 
code ALERT1 written by Dr M. Blann and Dr. T.A. Komoto. A full 
description of the code can be found in [BLA82a] . In this code, the 
E-J planes of the compound nucleus and adjacent nuclei are subdivided 
into bins of IMeV x lh . Initially only bins of the appropriate 
excitation energy in the CN are populated. The population in each of 
these bins is allowed to decay by fission or by neutron, proton or 
alpha particle evaporation into the E-J bins of appropriate daughter 
nuclei. Gamma-ray decay is also considered for bins with excitation 
energy less than 15MeV above the yrast line. The decay widths, for 
each of these exit channels, are calculated with Eqs. 2.74, 2.75, 
2.76, where all integrations over excitation energy are approximated 
by summing over the appropriate bins. If P(E,J) is the population of 
the bins (E,J), then the code calculates the fission cross section 
associated with this bin as
r (E,J)
a(E,J) = P(E,J) 5.1
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The code then distributes the remaining population of this bin amongst 
the bins of the appropriate daughter nuclei, where the populations of 
the bins (E',J’) in a nucleus formed after the evaporation of a 
particle v , are each increased by
T (E , J ,E' ,J')
P(E1 ,J ' ) = P(E)J) — f - ^ j ) --- • 5.2
After the decay of all the bins in the CN are considered, the code 
calculates the decay from the daughter nuclei. The population of a 
nucleus which is not eventually removed, by either fission or particle 
evaporation, is assumed to be the evaporation residue cross section 
associated with that nucleus.
5.1.2 Fission Barriers
Angular momentum dependent fission barriers consistent with the 
calculations of Sierk were used. These include the effects of the 
finite range of the nuclear force and the diffuse nature of the
nuclear surface. Sierk calculations were available for the nuclei;
158Dy, 170Yb, 178W, 200Pb and 210Po. For each of these nuclei (A,Z), 
scaling factors were calculated at each angular momentum giving the 
ratio of the Sierk to the RLDM barriers;
kf(J)
E®(A,Z,J)
EjLDM(a ,z ,j )
5.3
To extrapolate these Sierk fission barriers to neighbouring nuclei 
(A',Z'), it was sufficient to scale the RLDM barriers with these 
factors [SIE83];
E®(A',Z’,J) kf(J) E f DM(A’,Z',J) 5.4
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1 88There were no Sierk calculations suitable for the Pt system and
17 8hence for this system the scaling factors were estimated from the W 
scaling factors by
kRt(J) = 1.026 k^(J) , 5.5
where the factor 1.026 was required to reproduce the interpolated, J=0
scaling factor of 188pt. The interpolation was carried out by
assuming the scaling factors varied smoothly with fissility. The
1 88estimation of the 100pt fission barriers seems reasonable, as a
2 00 178similar estimation of the Pb fission barriers, from the W
scaling factors, reproduced the Sierk calculations to within O.lMeV.
The equilibrium rotational energies were obtained from the RLDM
as the finite range correction has very little effect for equilibrium
deformations. This is because they do not exhibit features similar to
the necks of saddle point configurations. The saddle point energies
were calculated from RLDM equilibrium energies and the extrapolated
Sierk fission barriers by
E (J) = ERLDM(J) + E^(J) . 5.6sp eq f
5.1.3 Level Densities
Angular momentum dependent level densities for both equilibrium 
and saddle point deformations were obtained from the Fermi-gas model. 
They were calculated from Eqs. 2.50, 2.51 and 2.52. As shell and 
pairing effects were assumed to be washed out, all excitation energies 
were taken relative to the appropriate liquid drop ground state. ThensL.)
Myers-Swiatecki-Lysekil liquid drop masses are defined to be theA  Id
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masses of odd-even nuclei less the correction due to shell effects. 
At large excitation energies or large angular momenta, the outer
proton or neutron pair of such nuclei will be broken and the
In­
appropriate liquid drop ground state will that of the equivalent odd-
odd nucleus. Thus liquid drop masses were assumed to be given by the
MSL masses plus the pairing energy.
Mid ■ C *  + -T72 MeV • 5>7A
The initial excitation energy of a compound nucleus was determined 
from an effective Q-value. This was calculated from the real masses 
of the projectile and target nuclei and the liquid drop mass of the 
compound nucleus
Q . = M(p) + M(t) - M. .(CN) . 5.8eft Id
The level density parameter for the equilibrium configuration was 
assumed to be equal to A/10 MeV“l. As shell effects were assumed to 
be washed out, the value of a^/a^ is expected to be close to unity. 
It is however not clear whether the Fermi gas value is slightly 
greater than or slightly less than 1.00 (Section 2.1.9). The 
parameter a^/a^ may also be dependent on angular momentum. In this 
work a value of 1.00 was assumed, independent of angular momentum. 
The pre-fission neutron measurements may allow this assumption to be 
tested.
No collective enhancement effects were included in the level 
densities. Thus, there is an implicit assumption that these effects 
have faded out for the excitation energies of concern. Vigdor and
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Karwowski [VIG82a] estimated that the temperatures at which these
effects fade out, for systems near A ~ 200 , to be 0.3MeV and 7MeV for
the RLDM equilibrium and saddle point configurations respectively.
This suggests that collective enhancement should be included in
p ^ ( E , J )  , but not in p ^ ( E , J )  . However, Vigdor and Karwowski
[VIG82a] suggest that at some intermediate deformation, between those
of the equilibrium and saddle point configurations, there exists a
maximum value of p ^ ( E , J )  , where an almost complete collective
enhancement more than compensates for the reduction in the intrinsic
level density. By assuming some ad-hoc fade-outs of collective
enhancement, they predict large enhancements of both p ( E , J )  and
p ^ ( E , J )  . However, the relative values of these level densities, at
large angular momenta, were not greatly changed by the inclusion of
collective enhancement. Such an effect can not be investigated in
this work as the statistical model analysis of the experimental data
is only sensitive to the relative values of p ( E , J )  and p , . ( E , J )  .
v f
5.1.4 CN Angular Momentum Distribution
Many previous statistical model calculations have used sharp-cut­
off CN angular momentum distributions. These are obviously
unrealistic. Following [VIG82 and PLI84], it was assumed that the CN 
angular momentum distribution had the more realistic form of
aCN(J) = tt*2(2J + 1) T(J) , 5.9
where the transmission coefficients were given by the Fermi function
T(J) = ------- "j "j--- * 5.10
[l + expf— —^ -)1
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The entire distribution is defined by the parameter JQ and the 
diffuseness dj of the Fermi function.
The diffuseness parameter was assumed to be independent of beam 
energy. This will be incorrect for beam energies near the fusion
barrier where the distributions are expected to be very spread out. 
The reaction - cross-section angular-momentum distribution, for beam 
energies above the interaction barrier, tends to show no large 
dependence of its diffuseness on Elab (Section 5.3.3). Although there 
is no theoretical or experimental justification for a similarity 
between the shapes of the CN and reaction-cross-section distributions, 
it might be expected that dj will be relative independent of E^ab for 
energies above the fusion barrier.
The parameter JQ was determined from the condition
00
l
J=0 °CN(J)
exp 5.11
6X0where a^  ^ is the fusion cross section interpolated from the 
experimental excitation functions. (Section 5.2) The values of JQ 
derived from Eq. 5.1 were found to show very little dependence on dj.
5.1.5 Particle Transmission Coefficients
The transmission coefficient associated with the evaporation of a 
particle from the compound system is identical to the transmission 
coefficient associated with the time-reversed fusion reaction of the 
emitted particle with the resulting excited nucleus. Transmission 
coefficients are usually estimated from the optical model using 
parameters obtained from fitting elastic scattering data. It should 
be noted, this is scattering from a cold ground state and not from an
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appropriately excited nucleus. The ALERT1 code calculates the 
transmission coefficients from global sets of optical model parameters 
for neutron, proton and alpha particle elastic scattering. These 
parameters are the same as those used in the MBII code and can be
found in the description of that code [BEC77].
There is some uncertainty in the use of these optical model 
transmission coefficients as already noted. In addition, McMahon and 
Alexander [MAH80] have emphasised that the optical model transmission 
coefficients are related to the total react ion-cross - section and not 
to the fusion reaction. They suggest that transmission coefficients 
derived from fusion excitation functions would be more appropriate. 
However, Vigdor et. al. [VIG82] argue that the cross section
associated with a hot target nucleus may be similar to the total 
reaction cross section for a cold target nucleus. The use of the
optical model transmission coefficients may therefore be justified. 
This is still an open question.
The effective Coulomb barrier for the emission of charged 
particles from the tips of a nucleus with a prolate deformation is
reduced over that for the spherical nucleus with the same charge and 
volume. [BEC79, BLA80, BLA81], This effect is expected to become 
especially important for angular momenta greater than , where the
RLDM predicts the equilibrium configurations have very large prolate 
deformations. It was ignored in this work as the maximum JQ 
associated with each reaction studied was much less than £ , which
is approximately 80h for all the systems studied.
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5.2 FUSION
5.2.1 Extraction of Fusion Cross Section
The fusion cross section was assumed to be the sura of the fission 
and the evaporation residue cross sections. The E-AE fission and the 
evaporation residue measurements were performed at identical beam 
energies. Thus, at each energy, the measured fission and evaporation 
residue cross sections were added to give the experimental fusion 
cross section. At the low beam energies, where the fission cross
section was negligible and not measured, the fusion cross section was
assumed identical to the evaporation residue cross section. For the 
on 139ha reactions, the fission cross sections were interpolated 
from the results of the coincidence measurements. These were added to
the measured evaporation residue cross sections.
The fusion cross sections are plotted against the inverse centre- 
of-mass bombarding energy in Fig. 5.1.
5.2.2 Comparison with the Bass Model
The fusion excitation functions predicted by the Bass model 
[BAS77] are compared with the experimental results in Fig. 5.1. At 
large energies, these predictions are in good agreement with the 
experimental data and are within the 10% accuracy claimed by Bass 
[BAS77]. The discontinuity, in the slope of each of the Bass model 
predictions, occurs at the centre-of-mass energy E^  (Section 2.2.1).
For energies near the fusion barrier, the Bass model predictions 
consistently underestimate the experimental fusion cross section. 
This is to be expected as the Bass model does not allow for barrier 
penetration and for the deformations of the target and projectile 
nuclei. (Sections 2.2.3 and 2.2.4).
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BASS MODEL
ADOPTED
Fig. 5.1: Experimental fusion cross sections plotted against the
inverse centre-of-mass bombarding energy. The results for the 
reactions of on ^^Ta were obtained from [HIN82]. The
predictions of the Bass model and the adopted cross sections, used 
to help constrain the CN angular-momentum distributions; are 
indicated.
5.2.3 Incomplete Fusion
At large beam energies, compound nucleus reactions are not the 
only reactions leading to the production of fission fragments and 
evaporation residues. Of considerable importance are direct reactions 
such as incomplete fusion and the pre-equilibrium emission of light 
particles. These are characterised by the direct emission of light
ejectiles, at forward angles, with velocities similar to the beam 
velocity. For incomplete fusion, these ejectiles (typically alpha- 
particles, protons and neutrons) originate from the projectile. The 
remaining portion of the projectile fuses with the target forming a 
compound system which subsequently decays by fission and/or particle 
evaporation. Experimentally, the incomplete fusion cross section
appears to be related to the velocity of the projectile after it has 
been slowed down by the Coulomb field [GER82];
v = / 2(E - V )/ycm c 5.12
where y is the reduced mass and Vc is the interaction barrier for
£=0 . Gershel [GER82] has complied systematics of a fa and a fa ,' ' a F p F
the experimental ratios of direct alpha-particle and direct proton 
cross sections to the fusion-like cross section. These are plotted as 
a function of v/c (c=speed of light) in Fig. 5.2. The projectiles in 
these compilations range from to ^Ar. For both alpha-particles
and protons there appear to be threshold values of v/c, below which no 
non-equilibrium emission is observed. These are ~ 0.035 for alpha- 
particle ejectiles and ~ 0.050 for proton ejectiles. The neutron
threshold is much higher than for the charged particle ejectiles: 
approximately 0.100. [GER82]. For each of the reactions studied the
maximum v/c was approximately 0.06. Thus from Fig. 5.2, direct
13 1
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0.05
Fig. 5.2: Systematics of a) direct alpha-particle and b) direct
proton cross sections relative to the fusion-like cross section
for various projectiles. These are plotted as a function of v/c.
12The different letters stand for different projectiles; C for C, 
N for ^ N, 0 for ^ 0, S for and A for ^Ar. The circle and
stars correspond to some 160, 19F and 20Ne induced reactions,
(from [GER82].)
reactions may contribute up to 20% of the experimental, high energy 
fusion cross sections.
The linear momenta of the compound systems can be estimated from
measurements of evaporation-residue velocities or from fission-
fragment angular-correlation measurements. Direct reactions are
characterised by an incomplete transfer of the initial projectile
momentum to the fused system. Stocjkstad et al. [ST083] have comp,l\ied
systematics of the fraction of the projectile momentum transferred to
1/2fusion-like residues. These are plotted against ((E, -V )/A ) >lab c p
the relative velocity of the projectile and target at the top of the 
interaction barrier (V ), in Fig. 5.3. The maximum relative velocity,
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Fig. 5.3 : Systematics of the fraction of the projectile linear
momentum transferred to the fusion-like residues. These are 
plotted as a function of the relative velocity of the target and 
projectile at the interaction barrier (V )# (from [ST083].)
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for each of the reactions studied in this work, was approximately 2 
(MeV/A) ' . Fig. 5.3 therefore also suggests that direct reactions
may have contributed to the experimental, high energy fusion cross 
sections.
5.3 FISSION EXCITATION FUNCTIONS 
5.3.1 Fission Probability
The dependence of the total fission probability (Pf) of a 
compound nucleus on its excitation energy and angular momentum was 
investigated. Statistical model calculations were performed for the 
compound nucleus Pt using Sierk fission barriers with
a,./a = 1.00 . The result of these calculations are illustrated in 
Figs. 5.4 and 5.5. Fig. 5.4 displays the variation of P^ with angular 
momentum for various excitation energies and Fig. 5.5 displays 
contours of P^ plotted in the E-J plane of ^®^Pt. The fission
probability shows a greater dependence on angular momentum than on 
excitation energy. In Section 2.2.5 it was shown, to a first
approximation, first chance fission was dominant for J>Jth and neutron 
evaporation was dominant for The threshold angular momentum
Jt^ is the angular momentum at which the fission barrier equals the 
neutron binding energy. A similar behaviour is reflected in the c 
variation of the total fission probability with angular momentum
(Figs. 5.4 and 5.5). This is to be expected, as the average angular 
momentum removed by evaporating a neutron is predicted to be small 
(< lfi) • The value of for ^®®Pt is indicated by the arrows in
Figs. 5.4 and 5.5. In the angular momentum region lOfiCKJ^, the
fission probability increases very rapidly with J. This becomes more
F i g .  5 . 4 :
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pronounced at the lower excitation energies (Fig. 5.A) and for the 
less fissile systems.
5.3.2 Effect of CN Angular Momentum Distribution
The diffuseness parameter dj, defines the variation of a^( J) in 
the vicinity of JQ. The dependence of the calculated fission cross
section on dj thus depends on the variation of total fission
probability in the vicinity of JQ. Let the threshold energy Et^ be 
defined as the beam energy at which JQ=Jth. Now if or
alternatively E-^^E^, ^o wü l  located in an angular momentum
region where the total fission probability is almost unity, indepen­
dent of angular momentum (Fig. 5.4). Hence the fission cross section 
shows very little dependence on dj. However if J0<Jt^ ^lab<'Eth^’ ^o 
is located in the region where P^(J) increases very rapidly with 
angular momentum (Fig. 5.4) and thus the fission cross section is 
extremely sensitive to dj. This is illustrated in Fig. 5.6 where the 
CN angular momentum distribution associated with three values of dj 
are shown for the reaction 93MeV ^ F  on * ^ Tm (Ej.^1 13 Mev). For each
distribution, the fission cross section a,. (J) was calculated as af is
function of the CN angular momentum. The o„ (J) distributions aref is
indicated by the dashed curves in Fig. 5.6. The fission probability 
increases rapidly with J. Hence, for the sharp-cut-off approximation 
(Fig. 5.6a), most of the fission yield is associated with angular
momenta near JQ. As dj is increased, more and more of the fission
yield is associated with the tail of the CN angular momentum
distribution above JQ (Figs. 5.6b and 5.6c). Thus by increasing dj}
the fission cross section increases due to the larger fraction of high 
angular momentum systems. For large values of dj^ as Fig. 5.6c,
30
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Fig. 5.6: Compound nucleus angular momentum distributions for the
reaction of 90 MeV on *^Tm, calculated for the diffuseness
parameters; a) Oh, b) 3h and c) 4.5h. The fission-cross-section 
distributions, calculated for each diffuseness parameter, are also 
shown.
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the rate of increase of the total fission probability in the angular
momentum region, is greater than the rate of decreases of
OcN (J) . Hence, (J) increases in this region and peaks near J ^ .
By increasing the value of dj from zero to 4.5ft in Fig. 5.6, the
predicted fission cross section increases by a factor of 3 . The
sensitivity of the predicted fission cross section to dj increases as
the fissility of the CN and as decreases. This is because, for
these reactions, the total fission probability increases even more
rapidly with angular momentum for J<Jth*
In comparison to the previous example, for reactions where
Elab>Eth* the prediction fission cross section is almost insensitive
1 9to the value of dj. As an example, for the reaction 128MeV F on 
169Tm, the predicted fission cross section only increases by 3 % when
d T was increased from zero to 4.5ft. The (J) distributionJ f is
calculated for this reaction with dj=4.5ft, is shown Fig. 5.7. As
illustrated in this figure, for reactions where E^a^>Et^, most of the
fission yield is associated with angular momenta between and J Q .
To illustrate the dependence of the fission excitation functions
188on the parameter d j , consider the Pt system. In Fig. 5.8 the 
1 88experimental Pt fission excitation function is compared with
excitation functions calculated with dj=0ft and 4.5ft. For E^a^>Et^, 
the agreement between experimental and the calculated cross sections 
is very good. For E^a^<E^.^, the fission cross sections calculated
with the sharp-cut-off approximation (dj=0) underestimate the 
experimental cross sections. However by adjusting the value of dj to 
4.5ft, the whole experiment excitation function is reproduced
(Fig. 5.8).
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Fig. 5.7: Compound nucleus and fission-cross-section distributions
calculated for the reaction of 128 MeV on^^Tm. Calculations
were performed with a diffuseness parameter of 4.5ft.
In a number of previous analyses of fission excitation functions, 
only sharp-cut-off CN angular momentum distributions were used. If a 
similar restriction is applied in this work, we might be tempted to 
try and fit the low energy, steeply rising portion of the fission 
excitation functions [PLA80, PLA84]. This can be achieved by 
adjusting a^/a^ and/or by scaling the Sierk barriers;
E f(J) = k f E Sf (J) 5.13
80 90 100 110 120 130
E lob (MeV)
Fig. 5.8: Comparison of the experimental 188pt fission excitation
function with the statistical model predictions, for diffuseness 
parameters of Oh and 4.5h.
1 88Fig. 5.9 displays some fits to the low energy portion of the Pt
excitation function obtained with ac/a =1.06, k =1.00, d =0ft and withf v f J
a la =1.00, k =0.88, d =0h . There are however a large range of
I V I J
correlated (a^/a ,k^ .) parameter sets which reproduce the low energy 
cross sections. These all show significant deviations from the
experimental data at the higher energies (Fig. 5.9). However, as the
entire fission excitation function can be reproduced using more
140
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Fig. 5.9: Examples of statistical model fits to the low energy
portion of the ^®®Pt fission excitation function. The fitting was 
performed with sharp-cut-off CN angular momentum distributions.
realistic CN angular momentum distributions, it seems likely that none 
of these parameters sets are correct. Failure to use realistic CN 
angular momentum distributions may therefore result in incorrect 
conclusions being drawn from statistical model analyses of low-energy
fission-excitation-functions.
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5.3 .3 Fission From Incomplete Fusion Reactions
In the Wilczynski model (Section 2.2.2), incomplete fusion
reactions are associated with peripheral collisions. Only a portion
of the projectile fuses with the target nucleus. The remaining
portion carries away a fraction of the initial orbital angular
momentum. The angular momentum (J) of the fused system is therefore 
reduced relative to the initial orbital angular momentum. If 
this reduction results in a significant decrease in the fission 
probability (Fig. 5.4). Hence, if an appreciable fraction of the 
experimental fusion cross section is actually associated with 
peripheral incomplete fusion reactions rather CN reactions, this may 
result in a reduction in the fission cross section.
Recent experiments have suggested that some incomplete fusion 
reactions are associated with more central collisions [TRI83, GER82], 
However, most of the fission yield is associated with high angular 
momentum systems. Therefore, such incomplete fusion reactions would 
be of little consequence in determining the fission cross section. 
Despite this, the possible reduction of the expected fission cross 
section due to incomplete fusion, and for that matter other direct 
fusion-like reactions, remain as one of the many uncertainties in this 
work.
5.3 .4 Statistical Model Analysis
This section discusses the statistical model analyses of the 
experimental fission excitation functions. Statistical model
calculations were performed for the excitation functions measured in 
this work and for the ^ F  on ^®^Ta and  ^^ Si on ^®Er excitation 
functions measured by Hinde et al. [HIN82,LEI82]. These data were
analysed within the framework of a simple macroscopic model of the
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nucleus; shell and pairing effects were assumed washed out; level
densities were obtained from the Fermi gas model; fission barriers
were taken from the calculations of Sierk. The parameter a^/a^ was 
set to unity. This assumption will be tested later in Section 5.4.5. 
The parameter dj was adjusted to fit the low energy data .
No other parameters were varied. For some systems, the fission
excitation functions were also calculated using unmodified RLDM 
fission barriers. The parameter dj was again adjusted to fit the low 
energy data. The calculated excitation functions, associated with 
both the Sierk and the RLDM fission barriers, are compared to the
experimental data in Figs. 5.10 and 5.11. The threshold energies
(Et^) are indicated by the arrows in these figures and they are listed 
in Table 5.1. The diffuseness parameters, obtained from fitting the
low energy data, are tabulated in Table 5.1.
Table 5.1
Diffuseness parameters (dj) obtained from fitting the low energy
fission cross sections. The fitting was carried out with
a./a = 1*00 and with both the Sierk and RLDM fission barriers, f v
The fits are shown in Figs. 5.10 and 5.11. The threshold angular 
momenta and beam energies for each reaction are also listed.
Reaction CN dj(Sierk) d j(RLDM) JCh Eth
(tO (h) (to (MeV)
30Si + 170Er 200pb 9 40 141
19F + 181Ta 200pb 6 8 40 103
180 + 1920s 210Po 2 6 39 95
19F + 169Tm 188pt 4.5 6 49 113
19F + 139Tm 178W 4 5 57 123
180 + 150Sm 16SYb 0 3 .3 64 127
19f + 13 9La 1 58])y 0 3 .2 69 13 1
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Of particular interest is the comparison of the statistical model 
predictions with the high energy data (^lab^th^ • These are most 
sensitive to the fission barriers and level densities in the angular 
momentum region where the fission barrier crosses the neutron binding 
energy (J~J • This is because, at the higher angular momenta, the 
fission probability saturates at unity and is insensitive to small 
changes in the statistical model parameters. By investigating the 
high energy fission cross sections, it is therefore only possible to 
deduce nuclear properties for angular momenta in the vicinity of
In Figs. 5.10 and 5.11, the predictions with the Sierk fission 
barriers show good agreement with the high energy data. For the two 
heaviest systems, the Sierk and the RLDM fission barriers are very 
similar. Hence the similarity between the corresponding predictions 
for the high energy data (Fig. 5.10). However, for the less fissile 
systems, the Sierk fission barriers are significantly less than the 
corresponding RLDM values for J~J • This is reflected in the larger 
fission-cross-sections predicted with the Sierk barriers. This is 
especially noticeable for the and 188p£ systems in Fig. 5.10.
For these systems, the Sierk fission barriers would seem more
consistent with the data than the RLDM barriers. Note, for the ^®Yb 
1 58and Dy systems, there are no experimental data for Eiab^Eth* There
1is however an indication, from the high energy points of the Yb
excitation function, that the RLDM fission barriers for this system
210are too large. For the Po system, the RLDM predictions are in 
better agreement with the high energy data, however overall, the Sierk 
barriers are more consistent with the high energy data. Thus, for
Elab^Eth’ t i^e macroscopic model, which assumes Sierk fission barriers
and Fermi gas level densities, is consistent with the experimental 
fission cross sections.
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Sierk Fission Barriers
—  RLDM Fission Barriers
Fig. 5.10: Fission excitation functions for ^ F  and induced
reactions. The statistical model calcuations were performed with
ar/a = 1.00 and with both the Sierk and the RLDM fission f v
barriers. The threshold energy (Eth) for each reaction is
indicated by the arrows. For energies below E^» the parameter dj 
in each calculation, was varied to fit the experimental data. The 
best fitting parameters are listed in Table 5.1
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The consistency of this model to the low energy data is difficult 
to gauge as the ct (J) distributions are not well known. However, it 
is of interest to determine if the diffuseness parameters obtained 
from fitting this data are sensible. Note, if the statistical model 
calculations are inconsistent with the high energy data, the 
diffuseness parameter, extracted from the low energy data, is probably 
meaningless. With this in mind, the diffuseness of 2ft, obtained for 
the 210po system using the Sierk fission barriers, has a large 
uncertainty. In fact, as the calculations with the RLDM fission
barriers give a better fit at the high energies, a diffuseness of 6ft 
(Table 5.1) is probably more appropriate. For the ^®Yb and ^®Dy 
systems, there are no high energy data. The extracted diffuseness 
parameters are thus very uncertain. Hence, the discussion of these 
systems will be postponed. For the remaining systems, the extracted 
diffuseness parameters listed in Table 5.1, have uncertainties of 
approximatelyilft.
The finite diffuseness of a_„(J) distributions is caused byCN
effects in the fusion process such as barrier penetration, and the 
static and dynamic deformations of the fusing nuclei. (Sections 2.2.3 
and 2.2.4). The effect of barrier penetration was estimated by
modifying the Bass model so that the barrier transmission coefficients 
were calculated from the parabolic barrier approximation. As an
1 Qexample, the distribution obtained for the reaction of lOOMeV i7F on
1 p -jTa is shown in Fig. 2.16. For the reaction studied, the predicted 
distributions were consistent with diffuseness parameters of ~ 1ft . 
However, larger diffuseness parameters are expected if the
deformations of the fusing nuclei are considered.
r T
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Fig. 5.11: As in Fig. 5.10, but for the two reactions leading to
the compound nucleus. The excitation functions were
calculated with the Sierk fission barriers and with a^/a = 1.00 .f v
It is possible that the shapes of a (J) and the reaction-cross-
section angular-momentum distribution (a (J)) are similar. Thereact
a (J) distribution can be determined by fitting elasticreact
scattering measurements with the optical model. Such measurements
io ] t;qhave recently been carried out for the reaction of F on Tb
[B0K84], Fig. 5.12 shows the a (J) distribution obtained for
l 6 3 C l
E-^ ak=90MeV. The corresponding a^(J) distribution, extracted from the 
fission excitation function, is also shown. As the fission cross
sections at the low energies are most sensitive to the shape of
a (J) above JQ> then the high angular momentum tails of these
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distributions should be compared. An equivalent diffuseness was 
derived from the a (J) distribution by fitting the tail region
l G cLC L
with Eqs. 5.9 and 5.10. A diffuseness of 5h was obtained, which
should be compared to the diffuseness of 4±lfi extracted from the
fission data. (Table 5.1). Thus to the extent that the shapes
of a (J) and a0„(J) are similar, the macroscopic model, which
assumes Sierk fission barriers and Fermi gas level densities , is
consistent with both the high and the low energy data for the 17 °W
system. It would be useful to measure the a (J) distributionsreact
for the other reactions.
Optical model parameters were obtained from the literature for a
number of reactions similar to those studied in this work. Equivalent
diffuseness parameters were extracted from the a (J)react
distributions predicted by these parameters. These are listed in 
Table. 5.2 together with the appropriate references for each of the 
optical model parameters. Where optical model parameters were given 
as a function of beam energy [B0K84, VID77, EGE83] , the energy
dependence of the extracted parameters was investigated. In all 
cases, these equivalent diffuseness parameters were found to be 
relatively independent of beam energy. The uncertainty of the 
equivalent diffuseness parameters listed in Table 5.2 is approximately
1 9±lh. Table 5.2 suggests that reasonable values of dj, for the F and 
1*0 induced reactions, may range from 3 to 5h. These are similar to
the values of 4 to 6h extracted from the 178W, 188Pt, and 200Pb
fission data using the Sierk fission barriers (Table 5.1). As
previous mentioned, a similar value is also expected for the 2^Po 
system. The diffuseness parameters obtained from the 3 5 ^  induced
reactions (Table 5.2) are quite large and this suggest that dj
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Table 5.2
Effective diffuseness parameters obtained from fitting the tails 
of the reaction-cross-section angular-momentum-distributions. The 
distribution were calculated from optical model parameters 
obtained from the associated references. The uncertainty of the 
extracted parameters is ~ ± lh .
Reaction dj Reference
Ch)
160 + 122Sn 4 REH7 5
160 + 160Nd 4.5 BR07 5
160 + 181Ta 4.0 VID77
160 + 197Au 4.0 AUE63
160 + 208pb 4 VID77
16q+ 208Pd 5 BAL7 5
180 + 120Sn 3 REH7 5
19f + 159Tb 5 BOK84
20Ne + 197A u 5 EGE83
35C1 + 120Sn 7 SC078
3 5C1 + 141Pr 8.5 SC078
increases with the mass of the projectile. The large diffuseness of 
9ft, obtained for the 3 ^ Si on -^78Er reaction, would therefore not seem 
unreasonable.
1 £o i coFor the Yb and Dy systems, the excitation functions, 
calculated with the Sierk fission barriers (Fig. 5.10), required no 
increase in the value of dj, from zero, to fit the experimental 
data. Sharp-cut-off angular momentum distributions are probably 
unrealistic for these reactions (Table 5.2). Thus, it appears that 
one or more of the assumptions made in the statistical model 
calculations were incorrect. It is possible that the use of Fermi gas
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90MeV l9F + l59Tb
ANGULAR MOMENTUM (fi)
Fig. 5.12: The reaction-cross-section angular momentum distribution
for the reaction of 90 MeV on obtained from [B0K84], The
corresponding CN distribution obtained from fitting the fission 
data is also shown.
level densities may not be appropriate. Van der Plicht et al. [PLI83]
investigated the dependence of the predicted fission excitation
functions on the assumed form of the level densities. Using an
alternative formalism to the Fermi gas level densities, they obtain
significant reduction in the predicted fission cross sections for the
reaction of ^ 0  on ^^Nd (E-j^^E^) * This reaction is associated with 
158the Er system. These calculations suggests that similar level
1 1 Sftdensities may be more consistent with the Yb and Dy excitation
functions.
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The lower than expected fission cross section for these systems 
may also be due to, the presence of incomplete fusion reactions, the 
choice of transmission coefficients, effects associated with the 
diffusion theory of fission (Section 5.4.6), etc. There is obviously 
a need for further experimental and theoretical investigations. In 
particular, it would be useful to measure the high energy fission 
cross sections as these are insensitive to the CN angular momentum 
distributions.
In this section, the experimental fission excitation functions 
have been investigated from within the framework of a simple
macroscopic model; shell and pairing effect were assumeo' washed out;
( M  r'Srreilevelnwere obtained from the Fermi gas model; the parameter a^/a^
was set to unity; fission barriers were obtained from the
calculations of Sierk which included the effects of the finite range
of the nuclear force and the diffuseness of the nuclear surface. This
model was found to be consistent with the experimental data for the 
1 7 ft1 °W and heavier systems, when reasonable CN angular momentum 
distributions were assumed. Overall the Sierk fission barriers were 
more consistent with these data than the RLDM fission barriers. The 
consistency of the simple macroscopic model with both the excitation 
functions for the reactions of on ^®^Ta and  ^^ Si on ^^Er
(Fig. 5.11) is particularly gratifying as these are associated 
different E-J regions of the ^^Pb compound nucleus. For the *^Yb
1 C Oand Dy systems, the statistical model calculations associated with 
the simple macroscopic model, were inconsistent with the experimental 
data if reasonable CN angular momentum distributions were used. The
reasons for these inconsistencies are not clear.
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The statistical model analyses suggest a number of future 
experiments. It would be useful to measure the CN angular momentum 
distributions associated with each of the reactions of this work. 
Such measurements would allow more confidence to be placed in the 
statistical model calculations for the low beam energies. Fission 
fragment angular distributions are sensitive to the angular momentum 
distribution of the fissioning systems. Fig. 5.6 illustrates the 
sensitivity of this angular momentum distribution to the diffuseness 
parameter. Measurements of fission fragment angular distributions 
would therefore also be useful in constraining the diffuseness 
parameter.
5.4 PRE-FISSION NEUTRONS
5.4.1 Neutron Emission From a Fissioning Nucleus
There have been a number of experimental investigations of pre­
fission neutrons emitted from heavy ion induced reactions. Gavron
et al. [GAV82] and Holub et al. [HOL83) have measured v for ^^Ybpre
and l^Ir respectively. These systems were formed with very large 
angular momenta and with high excitation energies. The experimental 
results were found to be significantly larger than the predictions of 
the statistical model. It was suggested that the additional neutrons 
were possibly emitted by the fissioning systems during the saddle-to-
scission transition. Ward et. al. [WAR83] have measured Vpre for 
200pb formed with moderate angular momenta and excitation energies. 
These measurements were in better agreement with the statistical model
predictions. Hinde et al. [HIN84] measured v  ^for also
formed with moderate angular momenta and excitation energies. The
152
multiplicities, obtained from the conventional analysis (Section
4.4.7) of the neutron spectra, were larger than the predictions of the
statistical model. The Q-value associated with the fission process,
was shown to be much larger for Es than for Pb. It was
suggested, that neutron emission from the accelerating fission
fragments was important for the Er system. By including this
effect in their extraction of v^re , better agreement was obtained
with the statistical model predictions.
These studies suggest, that in the evolution of the fissioning
system, there are a number of sources of neutrons which may contribute
to the measured multiplicities. These are; 1) Pre-fission neutron 5
predicted by the statistical model (v ) • These neutrons are emitted
before the system has reached its saddle point. 2) Neutrons emitted
from the fissioning nucleus during the saddle-to-scission transition.
(v )* 3) Scission neutrons emitted during the scission process, ss
(v ) These neutrons are produced by the snapping of the necksc
connecting the nascent fragments. 4) Post-fission neutrons emitted 
from the fission fragments during the initial period when the 
fragments are accelerating rapidly away from each other. (v )3.CC
5) Post-fission neutrons emitted from the fission fragments after they
have reached, or almost reached, their asymptotic velocity. Note,
there is no sharp distinction between the two groups of post-fission
neutrons. In the extraction of v from the experimental neutronpre
spectra (Section 4.4.7), it was assumed the pre-fission neutrons were
a, jemitted isotropicly from the fully accelerated fission fragments. The 
scission and the saddle-to-scission neutrons are emitted from the 
centre-of-raass frame of the CN. They are therefore included with the 
pre-fission neutrons. To treat the neutron evaporation from the
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accelerating fission fragments correctly, the analyses of the 
experimental neutron spectra should include this effect [HIN84]. 
However, in the conventional analysis, some of these neutrons will 
contribute to the experimental pre-fission neutron multiplicity. 
Therefore, our experimental pre-fission neutron multiplicities can be 
expressed as
expvpre VSM + + v +sc Vacc 5.14
To compare the statistical model predictions to the experimental data,
it will be useful to have some estimate of the magnitudes of
v ,v and v sc ss acc
5.4.2 Scission Neutrons
It is well established that light, charged particles are emitted 
during the scission process [HAL71], These particles are associated 
with the snapping of the neck connecting the nascent fission 
fragments. It would seem reasonable to expect neutrons would be 
emitted by this process as well. Alpha-particles are the most
prolific of the charged scission-particles. For actinide systems, the
-3scission alpha-particle multiplicity is ~2xl0 . It shows very
little dependence on the excitation energy and the angular momentum of 
the CN [LOV67]. Other scission-particles, ranging in mass from 
protons to ^Be ions, have been observed with much lower
multiplicities [HAL 71].
Previous investigations of pre-fission neutrons have assumed
v = 0.4 to 1.0 [CHI70,BIS72,FRA75,WAR83]. These values weresc
obtained from studies of the spontaneous fission of 252^ an(j t^e
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23 5thermal neutron induced fission of U. The spectra of neutrons,
emitted in coincidence with the fission fragments, have been measured
[BOW62,SKA63 ,KAP64]. These spectra were found to be consistent with
the emission of 80% to 90% of the neutrons from the fully accelerated
fission fragments, if the remaining neutrons were emitted isotropicly
in the laboratory frame. This isotropic component was assumed to be
associated with the scission neutrons. However, Skarsväg [SKA73]
showed that no isotropic component was required, if neutron emission
during the aceleration period of the fragments was considered.
As there is no convincing evidence for large scission neutron
multiplicities, and Skarsvag’s analysis suggests that is small, it
was assumed that scission neutrons did not contribute significantly to
the experimental pre-fission neutron multiplicities. However, the
true magnitude of v remains as one of the many uncertainties in thissc
field.
5.4.3 Neutron Emission During Saddle-Scission Transition
The average number of neutrons emitted during the saddle-to-
scission transition (v ) is dependent on the transition time (t )s s s s
and the intrinsic excitation energy of the system during this motion. 
The intrinsic excitation energy is expected to increase with time, due 
to the dissipation of collective energy into intrinsic energy. This 
dissipation may result from one-body and/or two-body microscopic 
mechanisms. Two-body dissipation is similar to the two-body viscosity 
in fluid dynamics which causes shear stresses between two layers of 
fluid in non-uniform motion. Two-body dissipation is due to two-body 
interactions between nucleons. One-body dissipation results from 
collisions of individual nucleons with the moving boundaries of the 
nucleus, or where appropriate, from the transfer of nucleons across
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the narrow neck connecting nascent fission fragments. One-body 
dissipation is expected to be important for systems where the mean- 
free-path of a nucleon is comparable to the dimensions of the nucleus. 
Thus, one-body dissipation may be dominant at the low nuclear 
temperatures. At high temperatures, the mean-free-path becomes 
smaller and two-body dissipation becomes more important. It is not 
known which type of dissipation is more appropriate for the excitation 
energies and angular momenta of concern.
Both one-body and two-body dissipation have been employed in 
liquid drop studies of the dynamics of fission. Systematics of the 
average fission-fragment kinetic energies can be reproduced with 
either, one-body dissipation, or a small two-body viscosity
[DAV76,DAV77,BL078,SIE80]. However, the saddle-to-scission motion, at 
least for heavy systems (x>0.7), is predicted to be very different for 
the two types of dissipation. Consider first the fission of systems 
with little or no angular momentum. Before a fissioning system has
developed a narrow neck, one-body dissipation predicts its motion to 
be dominated by dissipation and inertia effects are predicted to be 
unimportant. This can result in large increases in the internal
excitation energy and large saddle-to-scission transition times (tgg). 
For a system with a small two-body viscosity, the corresponding motion
oo cis quite rapid. Inertia effects are very important. For ^°U, tgg is
-21predicted to be ~3xl0 sec for two-body dissipation compared to 
-21~18xl0 sec for one-body dissipation. Also, the internal
excitation energy increases by ~10 MeV for two-body dissipation 
compared to ~3 2 MeV for one-body dissipation. These estimates were 
obtained from the calculations of Davies et al. [DAV76] and Schütte
et al. [SCH80].
156
During the second stage of the saddle-to-scission motion, where 
the system consists of two nascent fragments connected by a narrow 
neck, one-body dissipation is reduced. [BL078] For light systems 
(x<0.70), the saddle point configurations exhibit narrow necks. 
Hence, the saddle-to-scission motions predicted by one-body and two- 
body dissipation are more similar. For these light systems, the 
difference in deformation between the saddle and the scission points 
is small. Therefore, there is very little increase in the internal 
excitation energy and tgg is small.
So far only non-rotating systems have been considered. The 
effect of rotation is to increase the effective fissility of 
nucleus. Thus, the saddle point shapes of rotating nuclei have
smaller deformations. This results in larger saddle-to-scission 
transition times. To obtain an estimate of this effect, it was 
assumed the effective fissility of a rotating nucleus was given by the 
formula of Blann and Komoto [BLA83];
eff 50.883 [ 1 . 7 8 2 6 2 1 V /3
. 5-15
where
7e /m r 7/6
5 25/3
5.16
Thus, the effective fissility of ^^Po, at J=60h, is 0.78. This is
OO £
similar to the fissility of U at J=0h. For the heavy systems, one-
body dissipation results in significantly larger intrinsic excitation
energies and transition times than two-body dissipation. Thus, it is
expected that the predicted values of are very much larger for
one-body dissipation.
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5.4.4 Neutron Emission From Accelerating Fission Fragments
To a reasonable approximation, the motion of the fission 
fragments after scission is identical to that of two equally charged 
point-particles initially at rest. The equation of motion of this 
simplified system is easily solved. [EIS65,CHEYO,SKA73 ]. For a system 
(A,Z), the fission fragments attain a lab. velocity V after a time
tacc(V) 2 2 V - V
. V + V
+ ferrr)l
where V is the asymptotic velocity and
00
5.17
T
2 2 z e
4 Amo 00
5.18
The asymptotic velocity was derived from the average kinetic energy
release in fission given by Eq. 3.5. The variation of fission
fragment velocity with time is shown in Fig. 5.13. The fission
fragments reach 0.75 of their asymptotic velocity after a time 2.7x .
-21This is approximately 2x10 seconds for each of the systems studied.
If the fission fragments are allowed to have a small finite velocity
at scission, this will not greatly affect the acceleration time 
(Fig. 5.13).
The fission fragments are created with appreciable collective 
energy. This is in the form of potential energy of deformation and 
vibration kinetic energy. For x=0.78, the collective energy,
predicted by Davies et al. [DAV76] using two-body dissipation, is
approximately 22MeV per fragment. One-body dissipation is expected to 
be associated with much smaller collective energies. Of considerable 
importance, in any estimate of v »is the time taken for this3CC
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Fig. 5.13: Predicted variation of the fission fragment velocity with
time. The fission fragment velocity is given in units of its
asymptotic velocity and the time is units of x which is 
-22approximately 7x10 seconds.
collective energy to be dissipated into internal energy. The
characteristic damping time for small amplitude collective motions,
-22due to one-body dissipation, is 0.7 to 1.3x10 seconds for 50<A<250 
[BL078]. This is much shorter than the acceleration time of the 
fission fragments. For two-body dissipation, the characteristic 
damping time is of the order [BL078]
tdamp
Ro p
U 5.19
where RQ is the radius, p is the mass density and p is the viscosity 
of the nucleus. The viscosity, obtained by Blocki et al. [BL078], 
from fitting experimental fission fragment kinetic energies is
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-24y = 9x10 MeV fm . Using this value, the characteristic damping
-21time, for A=100, is ~4xl0 seconds. This is of similar magnitude to 
the acceleration time of the fission fragments. Thus, one-body 
dissipation predicts the fission fragments have a much larger internal 
excitation energy during the initial acceleration period. Hence, 
v will be significantly larger for one-body dissipation.3.CC
A rather crude estimate was made of the value of v associatedacc
with one-body dissipation (v  ^ ) • Neutron emission during theacc
saddle-to-scission motion was neglected. The total energy release in 
fission, apart from the kinetic energies of the fragments, was assumed 
to be in the form of internal energy at scission.
The life time of a fission fragment is related to its neutron 
decay width by
Tn 5.20n
The intrinsic angular momentum of fission fragments is not expected to 
be large. Recent experiments suggest that fission fragments formed in 
heavy-ion induced reactions have spins of ~12h [SCH83,DIL83]. The 
neutron decay width was therefore estimated from the J=0ft expression 
of Moretto [MOR72];
r (E)  n
2/3 2 0.18918 A ' T
2n p(E) p (E-B ) MeV v n 5.21
where T is the nuclear temperature associated with the excitation 
energy E-Bn. Level densities were obtained from Eq. 2.35 with 
a^ = A/10 MeV * . Excitation energies were taken relative to the
appropriate liquid drop ground state. Only symmetric fission was 
considered. The initial excitation energy of each fragment is
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t h e r e f o r e
E + Qf i s 5.22
where E i s  t h e  e x c i t a t i o n  ene rgy  of  t h e  f i s s i o n i n g  n u c l e u s .  The Q- 
v a l u e ,  f o r  t h e  f i s s i o n  p r o c e s s  ( Q f i s )> was t a k e n  as
M-, , (A ,Z ) -  2M-, Id  c n ’ cn J ) -  Ei
5.23
where E^ i s  t h e  a v e r a g e  k i n e t i c  r e l e a s e  i n  f i s s i o n  (Eq.  3 . 5 ) .  A f t e r  
t h e  e m i s s i o n  of  t h e  f i r s t  n e u t r o n ,  t h e  e x c i t a t i o n  e ne rgy  was t a k e n  as
E = E -  B -  2T 2 I n 5.24
where 2T i s  t h e  a v e r a g e  k i n e t i c  e n e rg y  of  an e v a p o r a t e d  n e u t r o n .  The 
t im e d i s t r ibu l i \ t | on ,  f o r  t h e  e v a p o r a t i o n  of  t h e  f i r s t  n e u t r o n ,  was t a k e n  
as
f , ( t ) = —  exp f— )
T T  J1 1
5.25
where
Ti = r l l b  • 5‘ 26n 1
I f  E2>10MeV, t h e  e m i s s i o n  of  a second  n e u t r o n  was c o n s i d e r e d .  I t s  
t im e  d i s t r i b u t i o n  was t a k e n  as
f 2^ ) [ exp ( ~ )  -  e x p ( ~ ) l  2 1
5.27
S i m i l a r  e x p r e s s io n ^  were o b t a i n e d  f o r  h i g h e r  o r d e r  n e u t r o n s .  The 
number of  p o s t - f i s s i o n  n e u t r o n s  e m i t t e d  a f t e r  a t ime t  was t a k e n  as
161
v (t)post
t 00
! E f . (t' )dt’ dE 
o i=l 1
5.28
where a ^ g(E) is the excitation energy distribution of the fissioning
systems. The number of post-fission neutrons emitted before the
fragments attained 0.75 of their asymptotic velocity was taken as the
estimate of • It was derived from Eqs. 5.17 and 5.28 using theacc
a ^ g(E) distributions predicted by the statistical model code. Only
first and second order neutrons contributed significantly to v^acc
The choice of 0.7 V is somewhat arbitrary. However, it should be
stressed, that because of the large uncertainties associated with the
estimation of v , it should only be used to obtain an indication as acc
to whether post-saddle neutron emission is contributing significantly
to the experimental pre-fission neutron multiplicities.
Hinde et al. [HIN84] have also investigated the effect of neutron
emission from the accelerating fission fragments on v  ^ . They
analysed neutron-fission correlation data with the conventional
analysis and with a modified analysis which explicitly included this
effect. This method of estimating v is obviously more satisfactorysee
as it involves no arbitrary separation of the post-fission neutrons 
into those emitted during, and those emitted after, the rapid 
acceleration period. It should be noted, that in HIN84, there is an 
error of a factor of 2 in their calculation of tQ„„(V). This reducesdLL
their estimate of v by approximately a factor of 2. However, itsee
does not affect their conclusion that neutron emission during the
acceleration period is important for heavy systems. Our calculations
of for 251gs reproduced the values of v obtained by Hinde etacc acc
al.. Thus, our estimates of are probably not unreasonable.acc
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The saddle-to-scission transition times, predicted by two-body 
-21viscosity, are ~30xl0 seconds, or less, for each of the system
studied. These times are of similar order to tacc(0.75V). Also, as
the total excitation energy, during the saddle-to-scission motion, is
much less than that assumed in the estimate of , thenacc
2 1 2 1v << v . A s  already discussed, it is expected that v << vss acc acc acc
2 2 1and hence, it is also expected that v + v << v • For one-bodyss acc acc
dissipation, may be of similar order to due to the largeacc ss
saddle-to-scission transition times. If is large, this willss
obviously result in a reduction of . However, it is expected3.CC
that v1 + v1 is of similar order to, or greater than, the estimated ss acc
value of v1acc
5.4.5 Statistical Model Analysis
The diffuseness parameter dj has been shown to be very important 
for calculating the fission cross section. In contrast to this, the
statistical model predictions for the pre-fission neutron multi­
plicities (v ) show no great dependence on the value of dj. This is 
illustrated in Fig. 5.14, for the reaction of ^ F  on *^Ta, where 
excitation functions calculated with dj=Oh and 6h are compared. Apart 
from beam energies near Et^> is relatively insensitive to dj.
Similar results were found for the other systems. Ward et al. [WAR83]
have also shown that v_„ is also relatively insensitive to the fissionSM
barriers, but is quite sensitive to af/a . Thus, if post-fission 
neutron emission is not significant, then the pre-fission neutron 
measurements provide a test of the assumption that a /a = 1.00 .
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Pre-fission neutron multiplicities were calculated with the
statistical model using the Sierk fission barriers, a^/a = 1,00 andf v
the appropriate diffuseness parameters of Table 5.1. The statistical
model predictions (v^) are sompared to the extracted pre-fission
neutron multiplicities in Fig. 5.15. For beam energies above E^,
first change fission becomes dominant and thus v levels off, or
decreases, in this region. Hence, the average excitation energy of
the fissioning systems increases rapidly above E^. This is reflected
in the large increase in the estimated values of . These areacc
given by the difference in magnitude between the dashed and solid 
curves in Fig. 5.15. For energies below Eti , v + v is expected toS S 3.CC
d , = 0 fi
80 90 100 no 120 130 140 150 160
Fig. 5.14: Predicted pre-fission neutron multiplicities, for the
19 i q ireaction of F on Ta, plotted as function of beam-energy. The 
two curves were calculated with different diffuseness parameters.
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be small and hence, it can be concluded that the statistical model 
calculations for a^/a^ = 1*00 are consistent with the experimental
data. For energies above Et^, the difference between the experimental
data and the statistical model prediction is larger than the estimate
1 2  2 1 of v . As v + v is expected to be much smaller than v ,acc ss acc acc
then, for the heavier systems, there is an indication that one-body
dissipation is more appropriate for describing the post-saddle motion.
Further theoretical studies of saddle-to-scission motion, which
include the effects of finite angular momentum, are necessary to more
accurately estimate the magnitudes of v and vss acc
The pre-fission neutron measurements for the ^^Yb, and
1 ooi00Pt systems are especially useful for estimating a^/a^ • For these
systems there are a number of data points for which isss acc
expected to be small It is of interest to determine what
values of a^/a are consistent with these data. Fig. 5.16 compares
the data for W to the statistical model predictions calculated with
various values of a./a . This figure indicates that a^/a = 0.99±0.2 ,f v f v f
however slightly larger values may be more realistic if small values
of v + v are allowed for. An attempt was made to estimate ss acc
a^/a from the Bishop formula (Eq. 2.54). However, it is not clear 
what value of r, the ratio of the major to minor axes, should be used 
in this formula as the saddle point configurations of W exhibit 
prominent necks for the angular momenta of concern. If a value of r} 
derived from an ellipsoid with the same moment of inertia as the RLDM 
saddle point configuration^ was assumed, then a^/a^ = 1*06 . If 
however a value of r, derived from an ellipsoid with identical major 
axis and volume to the RLDM values, was assumed, then a^/a =1.03 .
These estimates show no large dependence on J for the angular momenta
of concern.
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18 19Fig. 5.15: Pre-fission neutron multiplicities for 0 and F induced
reactions. The statistical model predictions (v ) wereSM
calculated with a ./a = 1.00 , the Sierk fission barriers and the f v
appropriate diffuseness parameters listed in Table. 5.2. The
estimated contribution to v , form neutrons emitted during thepre
acceleration of the fission fragments, is given by the differences 
between the dashed and the solid curves.
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The parameter a^/a^ was also estimated from the opposing formula
of Gottschalk and Ledegerber (Eq. 2.56). The values of Bg and Bq were
obtained from [NIX69], The Myers and Swiatecki values of ag and ac in
Eqs. 2.13 and 2.14 were assumed. This formula gave a^/a^ = 0.96 for
J=0. For the angular momenta of concern, slightly larger values
would be expected. Both the Gottschalk and the Bishop formulae would
seem to have over-predicted the deformation dependence of the level
density parameter. This work suggests that the level density
parameter has very little, or no, dependence on deformation.
In the analysis of the pre-fission neutron measurements of Ward
et al. [WAR83 ] it was assumed v = 0.4 . If such a value was used insc
this work, then a ../a = 1.02±0.2 (Fig. 5.16). Thus, there are still af v
number of uncertainties associated with determining a^/a^ •
5.4.6 Diffusion Theory Of Fission
Recently Hassani and Grange [HAS84] have suggested that the large 
values of pre-fission neutrons, measured for systems with very large 
angular momenta, are due to the transient nature of the fission decay 
rate (Section 2.2.6). If the time required (t ) , for the fission 
decay width to build up to its quasi-stationary value, is larger than 
the neutron lifetime of the system (x ) , then neutron evaporation 
will compete favourably with fission decay. Consider a simple model 
where fission decay is inhibited for a time x after the formation of 
the CN. After this initial period, the decay of the system is 
determined by the statistical model. If x>>x^ > then during the 
initial period the system will evaporate neutrons deceasing its 
excitation energy, say on average from E to E'. Thus, to a first 
approximation, the total fission probability in the diffusion model is
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Fig. 5.16: Comparison of the experimental pre-fission neutron
multiplicities for the system with the predictions of the
statistical model for various values of a,_/af v
Pjlf(E,J) = PjM(E',J) . 5.29
SMIf J » J th> t^en Pf (E,J) = 1 independent of excitation energy 
(Fig. 5.4 ). Thus for E-^ a^>Et ,^ the diffusion model will . predict 
an increase in v  ^ for large excitation energies but very little 
change in the fission cross section. However if then
P^(E,J) is sensitive to the excitation energy. Thus for E^a^^th’ 
the diffusion model would predict a decrease in the fission cross 
section at large excitation energies as well as an increase in v
168
An attempt was made to estimate the increase in v predicted by
the diffusion model. The statistical model code was modified so that
the fission and particle evaporation probabilities were evaluated from
Eqs. 2.86 and 2.89. These equations assume fission is inhibited for a
period t after the formation of the CN. It is probably incorrect to
indiscriminately apply these equations at each stage in the decay
process as this would imply that the fission decay rate has to build
up from zero after each particle evaporation. However, they do allow
us to obtain an upper limit for the increase of v due to diffusionpre
effects. The friction constant ß (Eq. 2.85) was assumed to have a 
-21value of 0.5x10 sec . This is consistent with a small two-body 
viscosity [HAS84]. A larger value is expected for a one-body 
viscosity. This would then result in a smaller effect. The quasi­
stationary fission rate was assumed to be identical to the statistical 
model value. The smaller values predicted by Kramers (Section 2.2.6)
would also result in an increase of v . Hassani and Grange [HAS84]pre
found this is a much smaller effect that the transient fission rate.
For a beam energy of 13 0 MeV, the upper limit for the increase of
v was calculated to be 0.3 for each of the systems studied. In pre J
Fi g 5.15 an increase of v by 0.3 is just consistent with thepre
experimental data for the 168Yb and 178W systems (if a^/a =1.00 ). Af v
smaller, or no, increase would seem more consistent. Therefore for 
the heavier systems, similarly small increases are expected. Thus, 
diffusion effects are probably not important for the reactions 
studied.
5.5 CONCLUSIONS
A comprehensive set of measurements of the decay properties of 
compound nuclei, ranging from ^ 8Dy to ^ 8Po, has been carried out.
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Attempts have been made to interpret these measurements within the 
framework of the statistical model and a simple macroscopic model of 
the nucleus. Shell and pairing effects were assumed to be washed out 
at the angular momenta and excitation energies of concern. Level 
densities were obtained from the Fermi gas model. Fission barriers 
were obtained from the calculations of Sierk. These barriers include
the effects of the finite range of the nuclear force and the
diffuseness of the nuclear surface. The pre-fission neutron
measurements allowed the parameter a^/a^ to be constrained to values
very near to unity. The measured fission excitation functions for the 
178W and the heavier systems were consistent with those deduced from
the macroscopic model when reasonable angular momentum distributions
1 SR 1 Rwere assumed. However, for the Dy and Yb systems, the
statistical model calculations were found to be inconsistent with the 
experimental fission excitation functions when reasonable 
distributions were used. The cause of these inconsistencies is not 
clear.
There is obviously a need for more experimental and theoretical 
studies. It would be especially useful to measure the CN angular 
momentum distributions for all the reactions. These would remove some 
of the large uncertainties associated with the analyses of low energy 
fission cross sectons. Also, there are still a large number of poorly 
known parameters in the various models. From measurements of a wide 
range of decay properties, it may be possible to constrain more of 
these. It will be of interest to see whether such studies, coupled 
with improved nuclear modeling, will remove the inconsistencies
between theory and experiment for the ^^Yb and ^®Dy systems, and 
present a coherent picture of the properties of hot, rotating nuclei.
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In summary the conclusions of this work are as follows:
1) The predicted fission cross sections are very sensitive to the 
shapes of the CN angular momentum distributions for beam energies 
below Ej:h* It is essential to use realistic forms of these 
distributions in the statistical model analyses of low energy fission 
excitation functions.
2) The fission excitation functions for the 188pt> 200p^ 
and 2i0Po systems are consistent with a simple macroscopic model of 
the nucleus, if reasonable CN angular momentum distributions are 
assumed.
3) The statistical model calculations overestimate the
1 68 1 58experimental fission excitation functions for the °Yb and Dy 
systems when reasonble CN angular momentum distributions are assumed.
4) The predicted pre-fission neutron multiplicities are 
relatively insensitive to the heights of the fission barriers and to 
the shapes of the CN angular momentum distributions.
5) The low energy v  ^measurements ^lab^th^ show excellent 
agreement with the statistical model predictions when a^/a = 1.00 . 
Only values of a^/a^ very near to unity are consistent with these 
measurements. Hence within the framework of these models there is no 
evidence for any deformation dependence of the Fermi gas level density 
parameter.
6) For beam energies above E^, the statistical model predictions 
significantly underestimate the experimental pre-fission neutron 
multiplicities. There is reason to believe that this may be due to 
neutron emission from the fissioning systems during the saddle-to- 
scission motion and from the fission fragments during the initial 
period whilst they are accelerating.
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